Taxonomy, the science of naming and classifying organisms is the original
bioinformatics and a basis for all biology, is fundamentally important in
ensuring the quality of life of future human generation on the earth; yet
over the past few decades, the teaching interest and research funding in
taxonomy have declined. Now taxonomy suddenly became fashionable
again due to revolutionary approaches in taxonomy called DNA barcoding.
The plant DNA barcoding is now transitioning the epitome of species
identification; and thus, ultimately helping in the molecularization of
taxonomy, a need of the hour. The ‘DNA barcodes’ show promise in
providing a practical, standardized, species-level identification tool that can
be used for biodiversity assessment, life history and ecological studies, and
forensic analysis. The most significant scientific information available on
plant DNA barcoding technologies have been collected and arranged in
order of the different marker systems which describes introductory and
application review on plant DNA barcoding and phylogenetics under 18
chapters.
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PREFACE

Taxonomy (-the science of naming and classifying organisms is the
original bioinformatics and a basis for all biology) is fundamentally
important in ensuring the quality of life of future human generation on the
earth; yet over the past few decades, the teaching interest and research
funding in taxonomy have declined because of its classical way of
practice which lead the discipline many a times to a subject of opinion,
and this ultimately gave birth of several taxonomic problems and
challenges; therefore, the taxonomists became an endangered race in
the era of genomics. Now taxonomy suddenly became fashionable again
due to revolutionary approaches in taxonomy called DNA barcoding (-a
novel technology to provide rapid, accurate and automated species
identifications using short orthologous DNA sequences). In DNA
barcoding, complete data set can be obtained from single specimens
irrespective to morphological or life stage characters. The core idea of
DNA barcoding is based on the fact that the highly conserved stretches
of DNA, either coding or noncoding regions vary at very minor degree
during the evolution within the species. The sequences suggested to be
useful in DNA barcoding include cytoplasmic mitochondrial DNA (e.g.
cox1) and chloroplast DNA (e.g. rbcL, trnL-F, matK, ndhF and atpB-
rbcL), and nuclear DNA (ITS and house keeping genes e.g. gapdh). The
plant DNA barcoding is now ftransitioning the epitome of species
identification; and thus, ultimately helping in the molecularization of
taxonomy, a need of the hour. The ‘DNA barcodes’ show promise in
providing a practical, standardized, species-level identification tool that
can be used for biodiversity assessment, life history and ecological
studies, forensic analysis and many more. The purpose of this edited
book is to collect the most significant scientific information available on
PCR-based plant DNA barcoding technologies. The chapters are
arranged in order of the different marker systems. The chapters included
are from all fields i.e. from DNA extraction to the analysis with molecular
probes. This book describes introductive and application review chapters
on plant DNA barcoding and phylogenetics under 18 different chapters
[which includes (1) Introduction to Plant DNA Barcoding, (2) Molecular
Markers for Plant DNA barcoding, (3) Nuclear Sequences in Plant
Phylogenetics, (4) Nuclear and Organelle Specific PCR Markers, (5)
Maturase K Gene in Plant DNA Barcoding and Phylogenetics, (6)
Retrotransposon-based Plant DNA Barcoding, (7) Isoenzymes as
Molecular Markers, (8) Applications of Plant DNA Barcoding, (9)
Thermocycling in Systematics, (10) DNA Sequencing, (11) Plant DNA
Barcoding and Molecular Phylogeny, (12) Plant DNA Barcoding
v



Methodology: DNA Extraction - Sequencing, (13) In Silico Approach for
Phylogenetic Analysis, (14) Life History Barcoding of Daucus carota, (15)
Cloning and Microsatellite Barcoding of Black Locust, (16) Genetic
Diversity Assessment of Caralluma adscendens, (17) Barcoding of
Transgenes in GM Plants, and (18) Molecular Barcoding of Sex-Linked
DNA Markers of Dioecious Plants] which are of great importance to put
the essentials of this discipline and protocols into a broader perspective.
We hope that the book will be useful to the students of higher studies,
botanist, conservation biologist and other those interested in plant DNA
barcoding and phylogenetics.

M. Ajmal Ali
Gyulai Gabor
F.M.A. Al-Hemaid
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Introduction to Plant DNA
Barcoding

M.A. Ali, A K. Pandey, G. Gyulai, S.H. Park, C. Lee,
S.Y. Kim and J. Lee

Introduction

Till date taxonomists have described approximately 1.7 million species,
but this figure might be a gross under-estimate of the true biological
diversity on Earth (Blaxter 2003; Wilson, 2003). Although taxonomists
can identify most organisms with which they are familiar, an ever-
growing community requires taxonomic information for a broad range of
taxa. DNA barcoding is a novel system designed to provide rapid,
accurate, and automatable species identifications by using short,
standardized gene regions as internal species tags (Hebert et al., 2005).
The genomes of living organisms are analogous to bar-codes. The use
of short DNA sequences for biological identifications was first proposed
by Paul Herbert and colleagues in 2003. The role of barcodes is to
provide a tool to assign unidentified specimens to already characterized
species (Hebert et al. 2003). Building upon the idea of the ‘universal
product code’, known as ‘barcodes’, a few DNA nucleotides (e.g. the
sequences of a short DNA fragment) may provide an immediate
diagnosis for species. As with commercial barcodes, the use of these
‘species barcodes’ first require the assembly of a comprehensive library
that links barcodes and organisms. DNA barcodes consist of a short
sequence of DNA between 400 and 800 base pairs long that can be
easily extracted and characterized for all species on this planet. These
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genetic barcodes will be accessed through a digital library and used to
identify unknown plants in the field or garden.

DNA barcoding follows the same principle as does the basic
taxonomic practice of associating a name with a specific reference
collection in conjunction with a functional understanding of species
concepts (i.e., interpreting discontinuities in interspecific variation). In
DNA barcoding the complete data can be obtained from single
specimens irrespective of sexual morph or life stage. Morphologically
indistinguishable taxa can be diagnosed without the need for live
material, particular morphs or population measures. Barcode sequences
can be generated from type specimens (holotype, paratype or neotype).
A specimen barcode can be compared with sequences derived from
other molecular taxonomy initiatives. If a close match is found to a
named taxon, recourse can be made to traditional monographs and keys
to understand the biological properties of the identified MOTU
(molecular operational taxonomic units) and their close relatives (Floyd
et al. 2002). Molecular phylogenetic analyses can be used to generate
testable hypotheses of MOTU interrelatedness. The core idea of DNA
barcoding is based on the fact that short pieces of DNA can be found
that vary only to a very minor degree within species, such that this
variation is much less than between species.

Whether or not actual species can be identified with DNA, the number
of distinct DNA sequences in environmental sampling and reconstruction
of phylogenetic trees to place these sequences into an evolutionary
context have been used in several inventories of cryptic biodiversity (e.g.
soil bacteria or marine/freshwater micro-organisms). Initially referred to
as DNA typing or profiling, the DNA barcoding initiative has taken this
step forward, and several taxa have now been surveyed in their natural
habitats using this technique. Such an approach has been particularly
useful for marine organisms (Shander and Willassen, 2005), including
fishes (Mason, 2003; Ward et al., 2005), soil meiofauna (Blaxter et al.,
2004), freshwater meiobenthos (Markmann and Tautz, 2005) and even
extinct birds (Lambert et al., 2005). In the rainforests, rapid DNA-based
entomological inventories have been performed so efficiently (Monaghan
et al., 2005; Smith et al., 2005) that tropical ecologists have been among
the most active advocates of DNA barcoding (Janzen, 2004).

Plant DNA barcoding markers

The use of DNA sequences to identify organisms has been proposed as
a more efficient approach than traditional taxonomic practices (Blaxter et
al, 2004; Tautz et al.,, 2003). The identification of animal biological
diversity by using molecular markers has recently been proposed and
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demonstrated on a large scale through the use of a short DNA sequence
the mitochondrial cytochrome oxidase subunit 1 (cox1, usually referred
to as COl in barcoding studies), was proposed to be a good candidate
for barcoding animal species (Hebert et al., 2003). The availability of
broad-range primers for amplification of mitochondrial COI from diverse
invertebrate phyla establishes this gene as a particularly promising target
for species identification in animals (Folmer et al., 1994). Plants have
relatively little sequence variation in their mitochondrial DNA, perhaps
because of hybridization and introgression. A chloroplast gene such as
matK (maturase K) or a nuclear gene such as ITS (internal transcribed
spacer) may be an effective target for barcoding in plants (Kress et. al.,
2005). Kress et al. (2005) have demonstrated the effectiveness of “DNA
barcoding” in angiosperms using nrDNA and non-coding cpDNA
sequences.

In flowering plants another approach has been put forward. On one
hand several plastid loci do discriminate between species, e.g. the trnH-
psbA intergenic spacer (Kress et al., 2005) and some more typical
phylogenetic markers such as rbcL and trnL-F (Chase et al., 2005), but
on the other hand multiple genetic loci might be necessary to account for
the common hybridization and polyploidy events in angiosperms.
Ribosomal DNA (e.g. ITS in orchids) could be used to complement
plastid genes, and shorter low-copy nuclear markers are being
discovered that might in the future be used to provide a more
sophisticated multiple component barcode for species diagnosis and
delimitation (Chase et al., 2005). The sequences used thus for molecular
barcoding are the nuclear small subunit ribosomal RNA gene (SSU, also
known as 16S in prokaryotes, and 18S in most eukaryotes), the nuclear
large-subunit ribosomal RNA gene (LSU, also known as 23S and 28S;
the highly variable expansion loops that are flanked by conserved stem
sequences are particularly useful), the highly variable internal
transcribed spacer section of the ribosomal RNA cistron (ITS, separated
by the 5S ribosomal RNA gene into ITS1 and ITS2 regions), the
mitochondrial cytochrome ¢ oxidase 1 (CO1 or COX1) gene and the
chloroplast ribulose bisphosphate carboxylase large subunit (rbcL)
gene. Kress et al. (2005) have suggested that the nuclear internal
transcribed spacer region and the plastid trnH-psbA intergenic spacer as
potentially usable DNA regions for applying barcoding to flowering
plants. The internal transcribed spacer is the most commonly sequenced
locus used in plant phylogenetic investigations at the species level and
shows high levels of interspecific divergence (Pandey and Ali, 2006).
The trnH-psbA spacer, although short (=450-bp), is the most variable
plastid region in angiosperms and is easily amplified across a broad
range of land plants (Kress et al., 2005).
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The primary reason that barcoding has not been applied to plants is
that plant mitochondrial genes, because of their low rate of sequence
change, are poor candidates for species-level discrimination. The
divergence of CO1 coding regions among families of flowering plants
has been documented to be only a few base pairs across 1.4 kb of
sequence. Furthermore, plants rapidly change their mitochondrial
genome structure; thereby precluding the existence of universal
intergenic spacers that otherwise would be appropriately variable unique
identifiers at the species level. The ITS region has shown broad utility
across photosynthetic eukaryotes (with the exception of ferns) and fungi
and has been suggested as a possible plant barcode locus. Species-
level discrimination and technical ease have been validated in most
phylogenetic studies that employ ITS, and a large body of sequence data
already exists for this region. An advantage of the ITS region is that it
can be amplified in two smaller fragments (ITS1 and ITS2) adjoining the
5.8S locus, which has proven especially useful for degraded samples.
The quite conserved 5.8S region in fact contains enough phylogenetic
signals for discrimination at the level of orders and phyla, although
identification at this taxonomic level is not the concern of barcoding. The
5.8S locus can serve as a critical alignment-free anchor point for search
algorithms that make sequence comparisons for both phylogenetic and
barcoding purposes. The utility of conserved regions such as 5.8S to
generate a pool of nearest neighbors for refined comparisons will be
critical for effective database searches, especially when comparing a
sequence that has no identical match in a sequence library.

For phylogenetic investigations, the plastid genome has been more
readily exploited than the nuclear genome and may offer for plant
barcoding what the mitochondrial genome does for animals. It is a
uniparentally inherited, nonrecombining, and, in general, structurally
stable genome. Universal primers are available for a number of loci and
intergenic spacers that are evolving at a variety of rates. The plastid
locus most commonly sequenced by plant systematists for phylogenetic
purposes is rbcL, followed by the trnL-F intergenic spacer, matK, ndhF,
and atpB-rbcL has been suggested as a candidate for plant barcoding,
even though it has generally been used to determine evolutionary
relationships at the generic level and above. Besides rbcL and atpB, all
of the latter plastid loci have been used at the species level with various
degrees of success. Most of them (except the trnL-F spacer) require full-
length sequences of >1 kb to yield enough sequence length to
discriminate species. Most relevant to plant barcoding, no region of the
plastid genome has been found to have the high level of variation seen
in most animal CO1 barcodes, although a few intergenic spacers have
shown more promise than any plastid locus now in general use. Kress et
al. (2005) have compared plastid genomes of Atropa and Nicotiana, and
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recorded that nine intergenic spacers trnK-rps16, trnH-psbA, rp136-rps8,
atpB-rbclL, ycf6-psbM, trnV-atpE, trnC-ycf6, psbM-trnD, and trnL-F met
the barcode criteria. By comparison, ITS had a much higher divergence
value (13.6%) than any of the plastid regions, and rbcL was by far the
lowest in divergence (0.83%). Although three spacers (atpB-rbcL, ycf6-
psbM, and psbM-trnD) were slightly to moderately longer than our 800-
bp cutoff.

Besides ITS, those single-copy nuclear genes or their introns that are
gaining prominence in species-level molecular systematics studies (e.g.,
leafy, waxy, pistillata, and RPBZ2), also have been considered. The
significantly greater length of rbcL (usually 1,428 bp) causes problems
because it is necessary to use four primers for double-stranded
sequencing of the entire gene. It has been suggested that the trnH-psbA
intergenic spacer is the best plastid option for a DNA barcode sequence
that has good priming sites, length, and interspecific variation. In their
trials across a diverse set of genera in seven plant families, Kress et al.
(2005) reported that three plastid regions (trnH-psbA, rp136-rpf8, and
trnL-F) ranked highest with respect to amplification success and
appropriate sequence length, but trnH-psbA demonstrated nearly three
times the percentage sequence divergence of these other two regions.
By applying barcode criteria (i.e., length considerations and universality)
to the framework of their study, it has been concluded that trnH-psbA
has greater potential for species-level discrimination than any other locus
(Kress et al., 2005).

Despite this high level of interspecific variation, trnH-psbA has found
only limited use in species-level phylogenetic reconstruction because of
the short length as well as the difficulty of alignments resulting from a
high number of indels (deletions). In contrast with the problems of indels
for phylogenetic construction, it is suspected that indels will ultimately
enhance the information needed for species identifications, once the
appropriate informatics tools for barcoding are developed. Both ITS and
trnH-psbA are good starting points for large-scale testing of DNA
barcoding across a large sample of angiosperms.

Basic steps in DNA barcoding

DNA barcoding, a new method for the quick identification of any species
based on extracting a DNA sequence from a tiny tissue sample of any
organism, is now being applied to taxa across the tree of life. As a
research tool for taxonomists, DNA barcoding assists in identification by
expanding the ability to diagnose species by including all life history
stages of an organism. As a biodiversity discovery tool, DNA barcoding
helps to flag species that are potentially new to science. As a biological
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tool, DNA barcoding is being used to address fundamental ecological
and evolutionary questions, such as how species in plant communities
are assembled. The process of DNA barcoding entails two basic steps:
(1) building the DNA barcode library of known species and (2) matching
the barcode sequence of the unknown sample against the barcode
library for identification. Although DNA barcoding as a methodology has
been in use for less than a decade, it has grown exponentially in terms of
the number of sequences generated as barcodes as well as its
applications (Kress and Erickson, 2012).

DNA is a relatively stable molecule, and can be isolated from museum
collections, including specimens preserved in formalin (Fang et al.,
2002). The extraction of DNA from specimens in herbarium collections
can easily be made. This success may be due to the specimens having
been air-dried and in a good state of preservation as evidenced by the
generally green appearance of the leaves selected for extraction. Plant
voucher specimens vary in how and when they are dried after being
pressed. If specimen-drying facilities are not immediately available,
especially in humid tropical climates, botanists often treat pressed
specimens with ethanol to temporarily preserve them against fungal
attack and degradation. Alcohol has been shown to be detrimental to
recovering high-quality DNA, although how it will affect the short
sequences needed for barcoding is unknown. It is encouraging that
museum specimens of insects dried from ethanol storage readily yield
CO1 sequences. A more thorough investigation and optimization of
methods to extract high-quality barcode DNA from herbarium collections
in a high-throughput format will be critical to efficiently build a sequence-
database library for plant DNA barcodes. Positive results have been
obtained by using well preserved specimens which indicate that the a
priori selection of apparently under graded plant samples will be an
important determinant of success. Fortunately, herbaria often have more
than one specimen per species among which to select for successful
DNA barcoding.

Recent advances

Global DNA barcoding efforts have resulted in the formation of the
Consortium for the Barcode of Life (CBOL). In January 2013, the
Barcode of Life Database (BOLD) contained more than 2.7 million
specimen records, with 2 million having barcodes belonging to over
170,000 species (Ratnasingham and Hebert, 2007; BOLD Systems,
2013). Smaller databases, containing sequences of specialized groups,
also exist [for example, Fungal Database (Crous et al., 2004), Genome
Database for Rosaceae, GDR (Jung et al., 2008)].
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The main DNA barcoding bodies and resources are (1) Consortium
for the Barcode of Life (CBOL) http://www.barcodeoflife.org established
in 2004. CBOL promotes DNA barcoding through over 200 member
organizations from 50 countries, operates out of the Smithsonian
Institution’s National Museum of Natural History in Washington, (2)
International Barcode of Life (iBOL) http://www.ibol.org Launched in
October 2010, iBOL represents a not-for-profit effort to involve both
developing and developed countries in the global barcoding effort,
establishing commitments and working groups in 25 countries. The
Biodiversity Institute of Ontario is the project’s scientific hub and its
director, (3) The Barcode of Life Datasystems (BOLD)
http://www.boldsystems.org. The Barcode of Life Datasystems is an
online workbench for DNA barcoders, combines a barcode repository,
analytical tools, interface for submission of sequences to GenBank, a
species identification tool and connectivity for external web developers
and bioinformaticians. The Consortium for the Barcode of Life (CBOL)
Plant Working Group (2009) recommended rbcL + matK as a core two-
locus combination. However, as these loci encode conserved functional
traits, it is not clear whether they provide sufficiently high species
resolution. One of the challenges for plant barcoding is the ability to
distinguish closely related or recently evolved species.

The classical way of practice of plant taxonomy for the identification of
species lead the discipline many a times to a subject of opinion; the plant
DNA barcoding is now transitioning the epitome of species identification
(Ali et al., 2014). One of the most important uses of the DNA barcoding
is in the medicinal plant authentication. Recently ITS, trnH-psbA, rbcL,
matK and trnL—trnF gene sequence have successfully been used for
DNA barcoding of several plant species. In addition with the above,
Chen et al. (2010) tested the discrimination ability of ITS2 in more than
6600 plant samples belonging to 4800 species from 753 distinct genera
and found that the rate of successful identification with the ITS2 was
92.7% at the species level. Yao et al. (2010) also evaluated 50,790 plant
and 12,221 animal ITS2 sequences downloaded from GenBank, and
propose that the ITS2 locus should be used as a universal DNA barcode
for identifying plant species and as a complementary locus for CO1 to
identify animal species.

Benefits

Traditionally, taxonomic identification has relied upon morphological
characters. In the last two decades, molecular tools based on DNA
sequences of short standardized gene fragments, termed DNA
barcodes, have been developed for species discrimination. The most
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common DNA barcode used in animals is a fragment of the cytochrome
¢ oxidase (COIl) mitochondrial gene, while for plants, two chloroplast
gene fragments from the RuBisCo large subunit (rbcL) and maturase K
(matK) genes are widely used. Information gathered from DNA barcodes
can be used beyond taxonomic studies and will have far-reaching
implications across many fields of biology, including ecology (rapid
biodiversity assessment and food chain analysis), conservation biology
(monitoring of protected species), biosecurity (early identification of
invasive pest species), medicine (identification of medically important
pathogens and their vectors) and pharmacology (identification of active
compounds). However, it is important that the limitations of DNA
barcoding are understood and techniques continually adapted and
improved as this young science matures (Fis’er and Buzan, 2014)

DNA barcodes are likely to play a major role in the future of
taxonomy. The build-up of DNA databases has great potential for the
identification and classification of organisms and for supporting
ecological and biodiversity research programmes (Tautz et al., 2002). As
a uniform, practical method for species identification, it appears to have
broad scientific applications. DNA-based species identification offers
enormous potential benefits for the biological scientific community,
educators, and the interested public. It will help open the treasury of
biological knowledge and increase community interest in conservation
biology and understanding of evolution. A rapid and accurate method is
now being developed for the quick identification of plant species based
on extracting DNA from a tiny tissue sample of a leaf, flower, or fruit.

The direct benefits of DNA barcoding is to make the outputs of
systematics available to a large number of end-users by providing
standardized and high-tech identification tools, e.g. for biomedicine
(parasites and vectors), agriculture (pests), environmental assays and
customs (trade in endangered species). It will provide a bio-literacy tool
for the general public. DNA based species identification will help open
the treasury of biological knowledge, which is currently underused partly
because taxonomic expertise for species identification is relatively
inaccessible. DNA barcoding will also relieve the enormous burden of
identifications from taxonomists, so they can focus on more pertinent
duties such as delimiting taxa, resolving their relationships and
discovering and describing new species. It will also help in pairing up
various life stages of the same species (e.g. seedlings, larvae). The most
important aspect of DNA barcoding is that it will facilitate basic
biodiversity inventories (Savolainen et al., 2005).

DNA barcoding can be likened to aerial photography, in that it
provides an efficient method for mapping the extent of species, though in
sample space rather than physical space. The “aerial map” of DNA
barcodes will help investigators explore the biological world and make
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full use of the enormous knowledge that has been built on 250 years of
classical taxonomy. As sequencing costs decrease, DNA-based species
identification will become available to an increasingly wide community.
When costs are low enough, science teachers and backyard naturalists
will be able to use DNA barcoding for in depth examination of local
ecosystems.

Limitations

DNA-based species identification depends on distinguishing intraspecific
from interspecific genetic variation. The ranges of these types of
variation are unknown and may differ between groups. It may be difficult
to resolve recently diverged species or new species that have arisen
through hybridization. There is no universal DNA barcode gene, no
single gene that is conserved in all domains of life and exhibits enough
sequence divergence for species discrimination. The validity of DNA
barcoding therefore depends on establishing reference sequences from
taxonomically confirmed specimens. This is likely to be a complex
process that will involve cooperation among a diverse group of scientists
and institutions.

Sequencing is essentially equally easy for all DNA fragments barring
extreme base composition biases, polynucleotide runs and stable
secondary structures. However, the ITS region often varies by insertions
or deletions within an individual, making sequencing very difficult as two
independent sequence types are being analysed simultaneously (Elbadri
et al. 2002). ITS sequences are also difficult to align as they tend to
evolve by insertion and deletion rather than substitution making the
secondary steps of phylogenetic reconstruction problematic. SSU, LSU,
COX1 and rbcL are each relatively simple to align and analyse, though
exceptions do occur. It may be suggested that any barcoding system
should aim to acquire data for at least a nuclear and an organellar gene
from single specimens. For specimen-independent, ‘environmental DNA’
based surveys, any target may do, but the universality of SSU and LSU
primer sets recommends them. The most common criticism of 18S
rDNA, as a source of phylogenetic information, has been that it is not
sufficiently variable for phylogenetic reconstruction within the
angiosperms and that it is highly prone to insertion and deletion, making
sequence alignment difficult. 18S rDNA provides a sufficient number of
characters for broad scale phylogenetic reconstruction of the
angiosperms.

Where species are simply unknown or no attempts have been made
to delimit them, the barcode approach as originally intended would be
limited in its applicability. However, it is a widely accepted fact that
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species, however defined, are variable for most DNA markers including
the widely used cox1 gene. Hence, the analogy to commercial barcodes
presumes that the variation within these species is smaller than between
them.

Barcoding has created some controversy in the taxonomy community
{Mallet and Willmott, 2003; Lipscomb et al., 2003; Seberg et al., 2003;
DeSalle et al., 2005; Lee, 2004; Ebach and Holdrege, 2005; Will et al,
2005; Gregory, 2005). Traditional taxonomists use multiple
morphological traits to delineate species. Today, such ftraits are
increasingly being supplemented with DNA-based information. In
contrast, the DNA barcoding identification system is based on what is in
essence a single complex character (a portion of one gene, comprising
~-650 bp from the first half of the mitochondrial cytochrome ¢ oxidase
subunit | gene sometimes called COXIl or COl), and barcoding results
are therefore seen as being unreliable and prone to errors in
identification = (Dasmahapatra and Mallet, 2006).  Although the
mitochondrial cytochrome oxidase subunit | (CO1) is a widely used
barcede in a range of animal groups (Hebert et al., 2003), this locus is
unsuitable for use in plants due to its low mutation rate (Kress et al.,
2005; Cowen et al., 2006; Fazekas et al., 2008). In addition, complex
evolutionary processes, such as hybridization and polyploidy, are
common in plants, making species boundaries difficult to define
(Rieseberg et al., 2006; Fazekas et al., 2009). The number and identity
of DNA sequences that should be used for barcoding is a matter of
debate (Pennisi, 2007; Ledford, 2008).

In conclusion, methods for identifying species by using short
orthologous DNA sequences, known as “DNA barcodes”. In DNA
barcoding the complete data can be obtained from single specimens
irrespective of sexual morph or life stage. Morphologically
indistinguishable taxa can be diagnosed without the need for live
material. The core idea of DNA barcoding is based on the fact that short
pieces of DNA can be found that vary only to a very minor degree within
species, such that this variation is much less than between species.
More pragmatically, DNA barcodes have proved useful in biosecurity,
e.g. for surveillance of disease vectors {Besansky et al., 2003) and
invasive insects (Armstrong and Ball, 2005), as well as for law
enforcement and primatology (Lorenz et al., 2005). These ‘DNA
barcodes” show promise in providing a practical, standardized, species-
level identification tool that can be used for biodiversity assessment, life
history and ecological studies, and forensic analysis.
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Introduction

Traditionally the macroscopic and microscopic identifications are
performed to authenticate plant materials at the species level. There are
an estimated 300000 plant species in the world (International Union for
Conservation of Nature; IUCN, 2012), the accurate classification and
identification of this large number of species remains a challenge even
for specialist taxonomists. The emergence of DNA barcoding has had a
positive impact on biodiversity classification and identification (Gregory,
2005). Several universal systems for molecular systematic analyses
were used for lower taxa but were not successfully applied for broader
range. The ‘Barcode of Life’ project aims to create a universal system for
a eukaryotic species based on a standard molecular approach. It was
initiated in 2003 by researchers at the University of Guelph in Ontario,
Canada (http://www.barcoding.si.edu) and promoted in 2004 by the
international initiative ‘Consortium for the Barcode of Life’ (CBOL). The
DNA Barcode of Life Data System (BOLD, http://www.boldsystems.org)
has progressively been developed since 2004 and was officially
established in 2007 (Ratnasingham and Hebert, 2007). This data system
enables the storage, analysis and publication of DNA barcode records.
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Sample collection and DNA preservation

Total genomic DNA extraction from the collected plant tissue sample is
the first step followed by amplification of desired region using barcode
primer using PCR. The amplified sequence (amplicon) is then subjected
to sequencing in one or both directions. The tools of bioinformatics are
then used for the analyses of generated sequences (Figure1).

Collection of DNA
Plant samples Extraction

DNA

DNA sequence data analysis Saquending

Fig.1: Flow chart demonstrating practical steps involved in plant DNA
barcoding.

A close match quickly identifies a species that is already represented
in the database. Three methods have been developed to preserve DNA
in plant samples collected in the field (Kress, 2004; Gonzalez et al.,
2009; Webb et al., 2010). One employs silica gel as a desiccant to
rapidly dry the tissue, which reduces degradation in most specimens
(Kress, 2004). However, it does not eliminate degradation, and DNA
yields are low for some tissues (Condit, 1998). The second method uses
a saturated NaCI-CTAB (cetyltrimethylammonium bromide) solution. The
high salt partially dehydrates the tissues and the CTAB can complex with
nucleic acids, proteins and carbohydrates to slow the degradation
processes. However, high degrees of degradation have been noted in
some cases with this method, and occasionally low yields of DNA result
(Condit, 1998). The third method uses an absorbent paper for preserving
the DNA (Webb et al., 2010). Pieces of plant tissues are mashed onto
the paper, and then allowed to dry. Almost all methods to extract nucleic
acids must be performed in a laboratory (Fine and Ree, 2006; Dick and
Kress, 2009). Generally fresh tissues are used for extraction of the
nucleic acids, because degradation and other biochemical processes
begin immediately after the tissue has been removed from the organism
or from its natural substrate. DNA in many species of plants has been
detected in dried tissues from months to centuries after the organism has
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died (Ratnasingham and Hebert, 2007; Dick and Heuertz, 2008). When
the samples cannot be effectively sampled, preserved and transported
rapidly to the laboratory, then alternatively the laboratory equipment and
solutions can be transported to the target specimens in their natural
environments in order to extract the DNA (in situ), a possible alternative
that can minimize degradation and maximize yield. Degradation can be
monitored by gel electrophoresis because as the DNA is broken down
the higher molecular weight bands become more diffuse and smaller
fragments of DNA are seen as increasingly bright smears of
fluorescence extending into lower molecular weight regions of the gel.
Simultaneously, other degradative processes also occurs, resulting in
losses of sequence information (Ratnasingham and Hebert, 2007). The
most common changes are losses of bases by hydrolytic attack of the
glycosidic bonds. Depurination occurs at a higher rate, but
depyrimidization occurs at a lower rate. When these DNAs are used as
templates for PCR, approximately 75% of the time, an inaccurate base
will be incorporated at those sites, causing a potential loss in sequence
accuracy.

Plant DNA barcode primers

In every species, primer information is the most vital in starting the
screening of various reported candidate genes towards their suitability.
The forward and reverse sequences should be carefully combined
(Table 1). Several universal primers for amplifying noncoding spacers of
the chloroplast genome have been reported (Demesure et al., 1995).
Most of the primers were designed for amplifying spacers between tRNA
genes which have been proved variable among species (Demesure et
al.,, 1996). Plant nuclear genes often occur in multiple copies and are
highly variable, making the design of universal primers difficult (Yu et al.,
2011).

Plant DNA barcode elements

For DNA barcoding to work, sequence variation must be high enough
between species so that they can be discriminated from one another;
however, it must be low enough within species that a clear threshold
between intra- and inter-specific genetic variations can be defined. The
two most important traits of DNA barcoding loci are the presence of
conserved flanking regions to enable routine amplification across highly
different taxa and sufficient internal variability to facilitate species
discrimination but with a relatively low level of intra-specific variation.
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Additional factors are short length facilitated routine sequencing, even
with sub-optimal material, lack of heterozygosity enabling direct
polymerase chain reaction followed by sequencing without cloning, ease
of alignment that enables the use of character-based data analysis
methods, lack of problematic sequence composition, such as regions
with several microsatellites, that reduces sequence quality, universal
capability to get amplified/sequenced with standardized primers, easy
align ability and capability to get recovered easily from herbarium
samples and other degraded DNA samples (Hollingsworth et al.,2009).

Types of plant DNA barcode markers

A total of 17 barcode regions (matK, rbcL, ITS, ITS2, psbA-trnH, atpF-
atpH, ycf5, psbK-l, psbM-trnD, rps16, coxl, nad1, trnL-F, rpoB, rpoC1,
atpF-atpH, rps16) of medicinal plants were reported to aid in the
authentication and identification of medicinal plant materials. The
majority of barcoding regions stated in the literature were the matK, ITS
region, rbcl, and psbA-trnH. Although many studies have searched for a
universal plant barcode, none of the available loci work across all
species (Chase and Fay, 2009; Chen et al., 2010). The Consortium for
the Barcode of Life-Plant Working Group (CBOL) recently recommended
the two-locus combination of matK + rbcL as the best plant barcode with
a discriminatory efficiency of only 72% (CBOL Plant Working Group,
2009). Taxonomists have suggested that a multi-locus method may be
necessary to discriminate plant species (Hebert et al., 2004; Chase et
al., 2007; Kress and Erickson, 2007; Erickson et al., 2008; Lahaye et al.,
2008; Kane et al., 2012). However, CBOL demonstrated that the use of
multiple loci did not clearly improve the species-level discriminatory
ability of these techniques (CBOL Plant Working Group, 2009).
Researchers have recently proposed the use of the whole-plastid
genome sequence in plant identification (Erickson et al., 2008; Sucher
and Carles, 2008; Parks et al., 2009; Nock et al.,, 2011; Yang et al.,
2013). However this concept has not yet been universally accepted. One
of the main concerns is the high sequencing cost and difficulties involved
in obtaining complete plastid genome sequences in comparison to the
use of single-locus barcodes. Hollingsworth et al. (2011) argued that the
full plastid haplotype is not a good marker because it does not always
track species boundaries. To date, it is still unclear whether plastid
genomes can be regarded as a suitable barcode.
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MaturaseK (matK)

The matK coding region is one of the most rapidly evolving regions in
chloroplasts and shows a high level of species discrimination among
angiosperms (Fazekas et al., 2008; Lahaye et al., 2008).The advantages
of this gene are that it is easy to amplify, sequencing and alignment in
most land plants and is a good DNA barcoding region for plants at the
family and genus levels. Although the matK region is useful to determine
species identity and the geographical origin of medicinal herbs, the
success rate for the amplification and sequencing of matK region of
some plant groups, such as cryptogams, is unsatisfactory and the
universality of the amplification primers requires improvement (CBOL
Plant Working Group, 2009). However, there are a few reports that
some of the barcodes are universally useful for plants, it still remains
mandatory to screen out the suited barcode for any new species
(Rubinoff et al., 2006; Pennisi, 2007; Ledford, 2008). In general, the
genes used in angiosperms are matK, rpoC1, rpoB, accD ,YCF5 and
ndhJ whereas in non-angiosperms matK, rpoC1, rpoB, accD, and ndhJ
are used (http://www.rbgkew.org.uk/barcoding/index.html). With higher
potential to identify the variation, easy amplification and alignment, a
portion of the plastid matK gene was proposed as a universal DNA
barcode for flowering plants (Lahaye et al., 2008). The choice of
rbcL+matK as a core barcode was based on the straightforward recovery
of the rbcL region and the discriminatory power of the matk region. The
matK gene is one of the most rapidly evolving coding sections of the
plastid genome (Hilu and Liang, 1997). Studies by Newmaster et al.
(2008) in Myristicaceae and Seberg and Petersen (2009) in Crocus have
confirmed matK and the intergenic spacer trnH-psbA as suitable land
plant barcodes. The matK gene has a high evolutionary rate, suitable
length and obvious interspecific divergence as well as a low
transition/transversion rate (Min and Hickey, 2007; Selvaraj et al., 2008).
But the matK is difficult to amplify universally using currently available
primer sets. The CBOL Plant Working Group (2009) revealed nearly
90% success rate in amplifying angiosperm DNA using a single primer
pair. However, the success was limited in gymnosperms (83%) and
much worse in cryptogams (10%) even with multiple primer sets. The
matK gene can discriminate more than 90% of species in the
Orchidaceae (Kress and Erickson, 2007) but less than 49% in the
nutmeg family (Newmaster et al., 2008). Fazekas et al. (2008) attempted
the identification of 92 species from 32 genera using the matK barcode
but only achieved a success rate of 56%. These findings demonstrate
that the matK barcode alone is not a suitable universal barcode.
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Ribulose 1,5-biphosphate carboxylase oxygenase large subunit (rbcL)

The large subunit of ribulose-bisphosphate carboxylase, rbcL region is a
chloroplast gene coding region that has a high amplification success rate
in a broad range of flowering plant, gymnosperm and cryptogam species,
plus high sequence quality among seven loci tested (CBOL Plant
Working Group, 2009). However, the rbcL region showed the lowest
divergence (0.83%) among 11 potential barcoding loci tested for the
differentiation of two species in Solanaceae, (Kress et al., 2005). Low
interspecific variation was also observed between other herbal medicinal
materials and their adulterants. However, rbcL sequences evolve slowly
and this locus has by far the lowest divergence of plastid genes in
flowering plants (Kress et al., 2005). Consequently, it is not suitable at
the species level due to its modest discriminatory power (Fazekas et al.,
2008; Lahaye et al., 2008; CBOL Plant Working Group, 2009; Chen et
al., 2010). Despite these limitations, rbcL was still suggested as one of
the best potential candidate plant DNA barcodes based on the
straightforward recovery of the gene sequence (Blaxter, 2004; CBOL
Plant Working Group, 2009; Hollingsworth et al., 2011). Although rbcL by
itself does not meet the desired attributes of a DNA barcoding locus, it is
accepted that rbcL in combination with various plastid or nuclear loci can
make accurate identifications (Newmaster et al., 2006; Chase et al.,
2007; Kress and Erickson, 2007; CBOL Plant Working Group, 2009;
Hollingsworth et al., 2009). CBOL demonstrated that the use of seven
candidate loci did not significantly improve species-level discriminatory
ability compared to rbcL + matK. Thus, the combinations of candidate loci
cannot eliminate the inherent deficiencies of current DNA barcoding of
plants.

Nuclear barcode marker (ITS)

A variety of loci have been suggested as DNA barcodes for plants,
including coding genes and non-coding spacers in the nuclear and
plastid genomes (Figure 2). The internal transcribed spacer (ITS) region
comprises the ITS1 intergenic spacer, 5.8S rDNA, and the ITS2
intergenic spacer (ITS1-5.8S-ITS2), with size ranging from 400 to 1000
bp in total. This is the most frequently sequenced region for plant
phylogenetic studies because of its high species discrimination and
technical ease of amplification (Alvarez and wendel, 2003; Kress et al.,
2005). Although the ITS region and ITS2 intergenic spacer can help
identify herbal medicinal materials by DNA sequencing, these regions
sometimes require cloning because of the presence of multiple copies
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Fig. 2: Schematic illustration of employed DNA barcode markers

-and the problems of secondary structure resulting in poor-quality
sequence data (Baldwin et al., 1995; Alvarez and Wendel, 2003). Fungal
-contamination is common in herbal medicinal materials that are
improperly processed and stored. Fungal ITS sequences are readily
amplified using universal primers, generating false-positive PCR results.
To overcome this issue, plant-specific primers need to be designed
{(Zhang et al, 1997; Cullings and Vogler, 1998). The greater
discriminatory power of ITS over plastid regions at low taxonomic levels
has been widely studied leading to it also being suggested as a plant
barcode (Stoeckle, 2003; Kress et al., 2005; Sass et al.,, 2007),
especially in parasitic plants which offer less resolution from plastid
barcodes (Hollingsworth et al., 2011). However, CBOL has only
regarded ITS as a supplementary locus (CBOL Plant Working Group,
2009). Some limitations prevent it from being a core barcode: incomplete
concerted evolution, fungal contamination and difficulties of amplification
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and sequencing (Hollingsworth et al., 2011). Plant BOL Group recently
argued that when direct sequencing was possible, the ITS region should
be incorporated into the core barcodes because of higher discriminatory
power than plastid barcodes (CBOL Plant Working Group, 2011). To
resolve the difficulties involved in sequencing the entire ITS, they
suggested ITS2 as a backup because of its conserved sequence
characters which reduce amplification and sequencing problems. It was
accepted that ITS2 could be used as a novel universal barcode for the
identification of a broader range of plant taxa (Chen et al., 2010; Gao et
al., 2010a,b; Pang et al.,, 2010) even from herbarium specimens with
degraded DNA (Chiou et al., 2007). Song et al. (2012) recently showed
that the ITS2 intra-genomic distances were markedly smaller than those
of the intra-specific or inter-specific variants in a wide range of plant
families. Internal transcribed spacer regions of nuclear ribosomal DNA
(ITS) is commonly recommended based on the facts that these are often
highly variable in angiosperms at the generic and species level and
divergent copies are often present within single individuals (Kress et al.,
2005). Although ITS works well in many plant groups and may be a
useful supplementary locus, numerous cases of incomplete concerted
evolution and intra-individual variation make it unsuitable as a universal
plant barcode.

TrnH-psbA spacer

TrnH-psbA is currently the most widely used plastid DNA barcode
marker. The size of the trnH—psbA region of most flowering plants
ranges between 340 and 660 bp. This region shows the highest
amplification success rate (100%) and discrimination rate (83%) among
nine loci tested (Kress et al., 2005; Kress and Erickson, 2007).
Therefore, this intergenic spacer appears to be a useful region for the
differentiation of medicinal plants from their adulterants. The presence of
highly conserved coding sequences on both sides make the design of
universal primers feasible (Shaw et al., 2005), with a single primer pair
likely to amplify nearly all angiosperms (Shaw et al., 2007). The non-
coding intergenic region exhibits most sequence divergence and has
high rates of insertion/deletion (Kress and Erickson, 2007). These
attributes make trnH-psbA highly suitable as a plant barcode for species
discrimination (Kress and Erickson, 2007; Shaw et al., 2007).

Alignment of the trnH-psbA spacer can be highly ambiguous because
of its complicated molecular evolution, considerable length variation
(Chang et al., 2006), and high rates of insertion/deletion in larger families
of angiosperms (Chase et al., 2007). Furthermore, due to the presence
of duplicated loci and a pseudogene, the trnH-psbA sequence is much
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longer >1000 base pairs in some conifers and monocots (Chase et al.,
2007; Hollingsworth et al., 2009) while it is exceedingly short, less than
300 bp, in other groups (Kress et al., 2005) and shorter than 100 bp in
Bryophytes (Stech and Quandt, 2010). One of the key problems
associated with the use of trnH-psbA as a standard barcode is the
frequent inversions in some plant lineages, which may lead to large
overestimates of genetic divergence and to incorrect phylogenetic
assignment (Whitlock et al., 2010). Additionally, because of the
premature termination of sequencing reads caused by mononucleotide
repeats, longer trnH-psbA regions can be difficult to retrieve without
taxon-specific internal sequencing primers designed to obtain high-
quality bi-directional sequences (Devey et al., 2009; Ebihara et al,
2010). Shorter trnH-psbA spacers may not have adequate sequence
variation for species discrimination. As a consequence, Kress et al.
(2005) and Chase et al. (2007), respectively, proposed that trnH-psbA
can be used in two-locus or three-locus barcode systems to provide
adequate resolution. Kress et al. (2005) also proposed that the trnH-
psbA plastid inter-genic spacer region would be a suitable universal
barcode for land plants.

Multilocus plant DNA barcoding approaches

Despite extensive efforts to identify a universal plant DNA barcode
comparable to CO1 in animals, the task has proved difficult due to the
lack of adequate variation within single loci (Kress et al., 2005;
Newmaster et al., 2006; Chase et al., 2007; Kress and Erickson, 2007;
Sass et al.,, 2007; Fazekas et al., 2008; Lahaye et al., 2008). Many
researchers have suggested that a multi-locus method will be required to
obtain adequate species discrimination (Hebert et al., 2004; Kress and
Erickson, 2007; Erickson et al., 2008; Kane and Cronk, 2008; Lahaye et
al., 2008; CBOL Plant Working Group, 2009; Chase and Fay, 2009).
Various combinations of plastid loci have been proposed including
rbcL + trnH-psbA (Kress and Erickson, 2007), rpoC1 +rpoB + matK or
rpoC1 + matK + trnH-psbA (Chase et al.,, 2007) and matK+ atpF-
atpH + psbK-psbl or matK + atpF-atpH + trnH-psbA  (Pennisi, 2007).
These combined barcodes exhibit higher species discrimination than
single-locus approaches. Different research groups have tested different
combinations using different taxa while attempting to select a universal
barcode, however universal agreement is yet to be reached. Fazekas et
al. (2008) compared these barcode combinations using the same large-
scale taxonomic samples, but none could identify more than 70% of
tested species. de Boer et al. (2014) demonstrated that combining psbA-
trnH, rpoC1, and ITS allowed the majority of the market samples to be
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identified to species level. Taberlet et al. (2007) proposed the chloroplast
trnL intron as a potential barcoding candidate gene in angiosperms.
Further, three regions atpF-atpH, matK, and psbK-psbl were proposed
(Pennisi, 2007). Devey et al. (2009) argued that non-coding regions
atpF-atpH and trnH-psbA should be considered as suboptimal barcodes
due to occurrence of microsatellites. It was also proposed that, because
the plastid genome is evolving so slowly relative to other genomes and
shows intra-molecular recombination (Mower et al., 2007), more than
one barcode may be necessary to provide enough variation for this
technique to work (Newmaster et al., 2006; Chase et al.,2007; Kress
and Erickson 2007). Kress and Erickson (2007) proposed to combine the
original trnH-psbA barcode with rbcL. This combination is also potential
enough to be used as a universal barcode. Hollingsworth et al. (2009)
evaluated the seven main candidate plastid regions rpoC1, rpoB, rbcL,
matK, trnH -psbA, atpF-atpH and psbK-psbl in three divergent groups of
land plants. rpoC1 was the most universal locus and amplified well
across all three groups. Chase et al. (2007) proposed to make the
universal barcodes with the combination rpoC1+ rpoB+ matK and
rpoC1+ matK+ trnH-psbA. Of late, the two-locus combination of rbcL+
matK has been recommended as the core barcode for land plants
(CBOL Plant Working Group, 2009). In bryophytes, five loci, rbcL, rpoC1,
rps4, trnH-psbA and trnL-trnF were easy to amplify and sequence and
showed significant inter-specific genetic variability, making them
potentially useful DNA barcodes

Chloroplast genome as a ‘super-barcode’

The first cp-genome was sequenced in 1986 (Shinozaki et al., 1986); by
2012 there were 254 complete plant cp-genomes within public
databases, which only accounts for less than 0.01% of total plant
species and is still a small number for widespread species identification.
The feasibility of using the chloroplast genome (cp-genome) as a ‘super-
barcode’ is evaluated, and the concept of a ‘specific barcode’ derived
from the comparison between plastid genome sequences from a target
group of taxa is presented as an effective option that might be widely
applicable to plant identification studies. It has recently been pointed out
that the complete cp-genome contained as much variation as the CO1
locus in animals and may be used as a plant barcode (Kane and Cronk,
2008). The complete cp-genome has a conserved sequence ranging
from 110 to 160 kbp, greatly exceeding the length of commonly used
DNA barcodes and providing more variation to discriminate closely
related plants. The cp-genome has been used as a versatile tool for
phylogenetics. It can greatly increase resolution at lower taxonomic
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levels in plant phylogenetic, phylogeographic and population genetic
analyses, facilitating the recovery of lineages as monophyletic, and was
therefore proposed as a species-level DNA barcode (Parks et al., 2009).
Using the cp-genome as a marker circumvents possible issues with gene
deletion and low PCR efficiency (Huang et al., 2005). The analysis of this
super-barcode also resolves the problems of sequence retrieval usually
encountered in traditional barcoding studies. Although sequences from
single or multiple chloroplast and nuclear genes have been useful for
differentiating species, the cp-genome has been used efficiently to
distinguish between closely related species (Parks et al., 2009; Nock et
al., 2011), populations (Doorduin et al., 2011) and individuals (Kane et
al., 2012; McPherson et al.,, 2013). This approach is still relatively
controversial, Nevertheless plastid-genome-based species classification
and identification have been progressively more accepted by
taxonomists (Shendure and Ji, 2008; Kumar et al., 2009; Wu et al., 2010;
Bayly et al., 2013; Yang et al., 2013). The main challenges of super-
barcoding are the establishment of a rich cp-genome database and the
reduction of sequencing cost, as well as obtaining a higher quality and
quantity of DNA (Kane et al.,, 2012). As sequencing technology and
bioinformatics continue to improve rapidly, complete plastome
sequencing will become more popular and may eventually replace
Sanger-based DNA barcoding (Bayly et al., 2013; Yang et al., 2013).

Significance of plant DNA barcoding

The main goals of DNA barcoding are to assign unknown specimens to
species and to enhance the discovery of new species and facilitate
identification, of other organisms with complex or inaccessible
morphology (Hebert et al., 2003). In three important situations, relevant
species identification must necessarily be molecular-based. First is in the
determination of the taxonomic identity of damaged specimens or
fragments. The DNA barcoding tool is thus potentially useful in the food
industry, diet analyses and in preventing illegal trade and poaching of
endangered species. Second, molecular-based identification is
necessary when there are no obvious means to match adults with
immature specimens. The third case is when morphological traits do not
clearly discriminate species especially if species have polymorphic life
cycles. DNA barcoding can also be used for a wide range of purposes: to
support ownership or intellectual property rights (Stewart, 2005); to
reveal cryptic species (Hebert et al., 2004); in forensics to link biological
samples to crime scenes (Yoon, 1993; Coyle et al., 2005; Mildenhall,
2006); to support food safety and authenticity of labelling by confirming
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identity or purity (Galimberti et al., 2012; Huxley-Jones et al., 2012); and
in ecological and environmental genomic studies (Valentini et al., 2009).

In summary, the purpose of the DNA barcoding is to rapidly assemble
a precise and representative reference library; the reference library will
become increasingly useful, enabling the rapid identification of low
taxonomic level taxa with specific short-DNA sequences DNA barcoding
aims to find a single sequence to identify all species. Yet, no single-locus
barcode can achieve the goal. In addition to inadequate variation and
low PCR efficiency (often due to sequence variation in the primer binding
regions), gene deletion is an important limiting factor for single loci
preventing their use as a universal DNA barcode (algae do not contain
the matK sequence). Multi-locus markers have been assumed to be
more successful in species identification, but studies to date
demonstrated that these are also inadequate for universal plant
identification. Whole-plastid-based barcodes have shown great potential
in species discrimination, especially for closely related taxa. Continuing
advances in sequencing technology may make these super-barcodes
the method of choice for plant identification.
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Introduction

Taxonomy, the science of classifying organisms, is basis for all biology.
The early taxonomic systems had no theoretical basis; organisms were
grouped according to apparent similarity. Since the publication in 1859 of
Charles Darwin’s ‘On the Origin of Species by Means of Natural
Selection’, however, taxonomy has been based on the accepted
propositions of evolutionary descent and relationship. The traditional
classification of plants into respective classes, orders, families, genera
and species has been based on shared morphologic, cytologic,
biochemical and ecologic traits. The development of techniques in
molecular biology including those for molecular hybridization, cloning,
restriction endonuclease digestions and protein and nucleic acid
sequencing have provided many new tools for the investigation of
phylogenetic relationships. At the molecular level, the most fundamental
comparison possible is of the primary nucleotide sequences of
homologous genes in different populations or species (Hamby and
Zimmer, 1992). Beginning in the early 1980s and continuing to the
present, the use of DNA has represented the “cutting edge” (glamour
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area) within the entire field of plant systematics. The advancement of
PCR based techniques, sequencing technologies and diverse
bioinformatics tools for analysis of sequence data has taken phylogenies
to a new height (Yang and Rannala, 2012); and therefore, phylogenies
have permeated nearly every branch of biology. Our understanding of
the relationships among organisms at various levels in the tree of life has
been advanced greatly in the last two decades with the aid of DNA
molecular systematic techniques and phylogenetic theory (Mitchell and
Wen, 2005).

The genome (-term coined in 1920 by Hans Winkler, Professor of
Botany at the University of Hamburg, Germany) is the genetic material of
an organism, encoded in DNA or RNA for many types of viruses,
includes both the genes and the non-coding sequences of the
DNA/RNA. Genome size is the total number of DNA base pairs in one
copy of a haploid genome. The plant cell contains three different
genomes: chloroplast, mitochondrion and nucleus. Plant molecular
systematics has relied primarily on the chloroplast genome. This is
changing as investigators turn to nuclear gene sequences (ITS, 18S
rDNA), often to compare nuclear topologies with existing chloroplast
based topologies. An important breakthrough for plant systematist was
the study of Baldwin (1992) demonstrating the utility of the internal
transcribed spacer of nuclear ribosomal DNA (ITS) for resolving
relationships within and among closely related genera in the Asteraceae.
Not all regions of the rDNA evolve at the same rate, so, even though
some regions are useful for comparisons at or below the genus level,
other regions are only useful at the family level or above.

Nuclear ribosomal DNA

Nuclear ribosomal DNA is arranged in tandem repeats in one or a few
chromosomal loci. Each repeat consists of a transcribed region that
comprises an external transcribed spacer (ETS) followed by the 18S
gene, an internal transcribed spacer (ITS-1), the 5.8S gene, a second
internal transcribed spacer (ITS-2), and finally the 26S gene (Figure 1).
Each such repeat is separated from the next repeat by an intergenic
spacer (IGS). Only among closely related species are the chromosomal
locations similar. The nuclear genes that code for rRNA are repeated
thousands of times within the typical plant genome. In fact they can
comprise as much as 10% of the total plant DNA. The most remarkable
feature of rDNA is the overall sequence homogeneity among members
of the gene family in a given species. The process by which this pattern
of intraspecific homogeneity and interspecific heterogeneity is
maintained has been called concerted evolution (Zimmer et al., 1980).
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Despite the large size of the nuclear genome and the large number and
diversity of genes that it includes, most attempts to infer phylogeny with
nuclear gene sequences have involved the nuclear ribosomal DNA
cistron (rDNA). The approximate lengths of the three coding regions are
very similar throughout plants. The 18S gene equals 1,800 bp (Nickrent
and Soltis, 1995); the 26S gene equals 3,300 bp (Bult et al., 1995); the
5.8S gene equals 160 bp (Takaiwa et al., 1985). In contrast, the length of
the IGS varies considerably (from 1 to 8 kb). This variation in IGS length
is the major contributors to the large range of variation in total length of
the repeat unit in plants, ranging from approximately 8-15 kb.

58S 185
IT81 ITS2 //'

ETS

Fig. 1: A typical plant rDNA repeat. ITS-1 and ITS-2 are the two internal
transcribed spacer regions. IGS is the intergenic spacer; ETS is the
External transcribed spacer.

18S rDNA sequences have been much more extensively used than 26S
rDNA sequences. Although the general taxonomic range of application of
the two regions appears to be very similar, the sheer size of the 26S
gene (over 3,000 bp) has deterred investigators, particularly with regard
to complete sequencing. In contrast the size of 18S rDNA (SSU; approx
1,800 bp) has made it much more amenable to PCR amplification and
sequencing. The advantage of obtaining complete, rather than partial
approach also provides a database of sequences for the study of
molecular evolution. For example, the large data set of complete 18S
rDNA sequences obtained by Soltis et al. (1997) afforded the opportunity
for the first detailed analyses of molecular evolution of 18S rRNA genes
in angiosperms. Only one 18S sequence type is typically found in an
angiosperm, but intra individual 18S rDNA variation has been detected in
some cases. Many initial studies involved portions of the 18S region;
recent studies have typically used the entire 18S gene. The occasional
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multiple 18S sequence types do not distort phylogenetic relationships is
significant in plant groups such as ferns and angiosperms, which are
noted for polyploidy.

The 18S gene is a slowly evolving marker and is suitable for inferring
phylogenies at higher taxonomic levels such as deep-level phylogeny of
angiosperms (Hamby and Zimmer, 1992; Soltis et al., 1997), or among
closely related families such as Caryophyllales in combination with other
sequence data (Cuénoud et al.,, 2002). It was also explored for
constructing the land plant phylogeny (Soltis et al., 1999). However, the
most common criticism of 18S rDNA as a source of phylogenetic
information have been that it is not sufficiently variable for phylogenetic
reconstruction within the angiosperms and that it is highly prone to
insertion and deletion, making sequence alignment difficult. But some
studies have demonstrated that 18S rDNA provides a sufficient number
of characters for broad scale phylogenetic reconstruction of the
angiosperms (Starr et al.,, 2004; Gaskin et al., 2003; Rossetto et al.,
2002; Les et al., 1999).

26S rDNA

The 26S rRNA (LSU; over 3,300 BP) gene is often noted as a candidate
for sequencing as either an alternative or a supplement to 18S rDNA.
Assessing the phylogenetic utility and molecular evolution of the entire
26S rDNA in plants has been made difficult. In searching for additional
base pairs from the nucleus and elucidate higher level relationships, and
with the increased use of automated sequencing, investigators have
recently developed PCR and sequencing primers for the entire 26S
rDNAs. In plants, the 26S is about 3.4 kb long and includes 12
expansion segments (ES) which are more variable (Bult et al., 1995).
The overall nucleotide substitution rate of 26S is 1.6-2.2 times higher
than that in 18S (Kuzoff et al., 1998). Their comparisons further confirm
the higher level of phylogenetic potential of entire 26S rDNA sequences
which evolve 1.6 to 2.2 times faster and provide over three times as
many parsimony informative characters as does 18S rDNA (Forrest et
al., 2005, Gaskin et al., 2003; Starr et al., 2004; Seelanan et al., 1999;
Kuzoff et al., 1999; Ashworth, 2000). So far partial 26S sequences have
been used among closely related families such as in the Apiales
(Chandler and Plunkett, 2004), for determining phylogenetic position of
isolated families (Neyland, 2002), or sometimes within a family e.g., in
Celastraceae (Simmons et al., 2001).
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ITS sequence of nrDNA and 5.8S gene

The nuclear genes that code for rRNA are repeated thousands of times
within the typical plant genome. In fact they can comprise as much as
10% of the total plant DNA. The most remarkable feature of rDNA is the
overall sequence homogeneity among members of the gene family in a
given species. The process by which this pattern of intraspecific
homogeneity and interspecific heterogeneity is maintained has been
called concerted evolution (Zimmer et al., 1980). One of the remarkable
properties of nrDNA (including ITS) genes is that their paralogs within
individuals are quite homogenous, resulting from concerted evolution.
The underlying molecular processes are presumed to involve unequal
crossing over (Smith, 1976) and gene conversion (Nagylaki, 1984).
nrDNA paralogs display polymorphisms in individuals where concerted
evolution is incomplete, for example in cases where hybridization is
involved (Muir et al., 2001), or where concerted evolution cannot act
between paralogs effectively when they are dispersed on non-
homologous chromosomes in the genome (Wei and Wang, 2004).
Recently, multiple divergent ITS paralogs within individuals have been
observed in several plant groups (Harpke and Peterson, 2006; Grimm
and Denk, 2007; Ochieng et al., 2007; Zheng et al., 2008), which
suggest incomplete concerted evolution across the repeats. Among
divergent rDNA paralogs, non-functional pseudogenes are prominent,
and many studies have demonstrated the existence of pseudogenes in
plant genomes, where concerted evolution of nrDNA is incomplete. The
pseudogenes are characterized by a higher relative substitution rate, an
increased AT content, and lower secondary structure stability (Alvarez
and Wendel, 2003). The pseudogenes assumed to have escaped from
functional constraints, have accumulated many mutations and can
cluster randomly across phylogenetic trees due to long-branch attraction
(LBA), which confounds attempts to recover correct phylogenetic species
relationships (e.g. Kita and Ito, 2000; Mayol and Rossello, 2001). ITS
pseudogenes can potentially be useful for phylogenetic analyses of
closely related species, when the functional paralogs provide too low
variation (Ochieng et al., 2007).

Moreover, it is widely accepted that in the process of concerted
evolution a single mutation can be fixed in a relatively short time period
due to unequal crossing over or gene conversion. These homogenization
processes have been described as molecular drive. The coding regions
show little sequence divergence among closely related species, whereas
the spacer regions exhibit higher rates of variability. Therefore, nuclear
ribosomal ITS sequence data have a great potential to resolve plant
phylogenies at various intrafamiliar levels in angiosperms. Despite the
large size of the nuclear genome, most attempts to infer phylogeny with
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nuclear gene sequences have involved the nuclear ribosomal DNA
cistron (rDNA). The internal transcribed spacer (ITS) regions of 18S-26S
nuclear rDNA have become a major focus of comparative sequencing at
the specific and generic levels in angiosperms. The nuclear ribosomal
ITS region including the 5.8S gene has been the most widely used
molecular marker at the interspecific and intergeneric levels in plants
(Wen and Zimmer, 1996).

Since the first report of the utility of the nrDNA ITS sequences in
plants (Baldwin, 1992), it is being extensively used for phylogenetic
studies, molecular discrimination of raw drug material and DNA
barcoding (Baldwin, 1995; Chen et al., 2010). The nrDNA ITS sequences
possesses a number of valuable characteristics, such as the availability
of conserved regions for designing universal primers (White et al. 1990),
the ease of its amplification, short length (with ITS1 200-300 bases long,
ITS2 180-240 bases, and 5.8S ca. 160 bp in flowering plants) and
sufficient sequence variation which can easily able to distinguish even
very closely related species (Yao et al., 2010). Additionally, the ITS2
shows significant sequence variability at the species level or lower
(Coleman, 2003, 2007, 2009; Schultz et al., 2005; 2006; Thornhillet al.,
2007). The availability of structural information of ITS2 permits analysis
even at higher taxonomic level too (Coleman, 2003, 2007, 2009; Aguilar
and Sanchez, 2007; Schultz and Wolf, 2009; Keller et al., 2010). Chen et
al. (2010) proposed that ITS2 has potential for use as a standard DNA
barcode to identify medicinal plants. The ITS2 region has also been
shown to be applicable in discriminating among a wide range of plants
genera and families e.g. Asteraceae, Rutaceae, Rosaceae and
Araliaceae (Gao et al., 2010; Liu et al., 2012a,b; Luo et al., 2010; Pang
et al., 2011; Yao et al., 2010). Besides plants, the ITS2 sequence also
has potential for use in barcoding of animals (Yao et al.,, 2010). The
secondary structure of ITS2 are conserved and possesses sufficient
variation in primary sequences as well as secondary structure, which
also provides useful biological information for alignment; therefore, the
ITS2 sequences is also used as molecular morphological characteristics
for species identification (Coleman, 2007; Schultz et al., 2005;
Koetschan et al., 2010). Moreover, analyses of ITS2 sequences along
with secondary structure results into more robust phylogeny (Keller et al.,
2008). Therefore, owing to enormous phylogenetic significance, the
nrDNA ITS gene is now a day considered as better than its reputation
(Wolf and Schultz, 2009).

One of the remarkable properties of nrDNA (including ITS) genes is
that their paralogs within individuals are quite homogenous, resulting
from concerted evolution. The underlying molecular processes are
presumed to involve unequal crossing over (Smith, 1976) and gene
conversion  (Nagylaki, 1984). The nrDNA paralogs display
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polymorphisms in individuals where concerted evolution is incomplete,
for example in cases where hybridization is involved (Muir et al., 2001),
or where concerted evolution cannot act between paralogs effectively
when they are dispersed on non-homologous chromosomes in the
genome (Wei and Wang, 2004). Recently, multiple divergent ITS
paralogs within individuals have been observed in several plant groups
(Harpke and Peterson, 2006; Grimm and Denk, 2007; Ochieng et al.,
2007; Zheng et al., 2008), which suggest incomplete concerted evolution
across the repeats. Among divergent rDNA paralogs, non-functional
pseudogenes are prominent, and many studies have demonstrated the
existence of pseudogenes in plant genomes, where concerted evolution
of nrDNA is incomplete. Pseudogenes are characterized by a higher
relative substitution rate, an increased AT content, and lower secondary
structure stability (Alvarez and Wendel, 2003). Pseudogenes, assumed
to have escaped from functional constraints, have accumulated many
mutations and can cluster randomly across phylogenetic trees due to
long-branch attraction (LBA), which confounds attempts to recover
correct phylogenetic species relationships (e.g. Kita and Ito, 2000; Mayol
and Rossello, 2001). ITS pseudogenes can potentially be useful for
phylogenetic analyses of closely related species, when the functional
paralogs provide too low variation (Ochieng et al., 2007).

External Transcribed Spacer Region (ETS)

The external transcribed spacer (ETS) region (especially the 3'end of the
5'-ETS adjacent to 18S) lies in the intergenic spacer region separating
the repetitive 18S-5.8S-26S ribosomal gene blocks from each other.
There are two ETS sites: the 3’ and 5’ prime parts which are bordering
the 18S and 26S exons. This region is transcribed and plays a role in the
ribosome transcription (Linder et al., 2000; Houseley et al., 2007;
Granneman and Baserga, 2005, Azuma et al., 2006). The transcription
termination site in the 3'ETS- as the transcription initiation site in the
5’ETS-is highly variable in plants. In the recent years a great progress
was made surrounding the external transcribed spacers, revealing
interesting new features about the region. The homogenization process
of concerted evolution is the operating force to eliminate the different
repeat types of ETS found within the genome of a single individual.
However, concerted evolution is a well known and specific feature of
multigene families such as the rDNA locus -the rate and even its
accuracy is not well known. In general, the whole process of concerted
evolution enhances the sequence similarity between multiply arrays of
ITS and ETS. Since its first application by Baldwin and Markos (1998)
several analyses successfully adopted this marker as a valuable
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phylogenetic tool. Sequence comparisons of the rDNA external
transcribed spacer (ETS) indicated that it represents an even more
valuable instrument for the phylogenetic analysis than ITS (King et al.,
1993). The ETS has been used in phylogenetic analysis of families
Asteraceae (Granneman and Baserga, 2005, Azuma et al., 2006),
Fabaceae (Chandler et al. 2001) and Myrtaceae (Wright et al., 2001).
The 5’ETS is more frequently used in phylogenetic studies, than the 3’
part. The length of the 5’end ETS range from 425 to 575 bp (McMullen
et al., 1986; Schiebel et al., 1989; Tremousaygue et al, 1992; Cordesse
et al.,, 1993) making it easily sequenced. There are less sequences
available for ETS compared to ITS.

Low-Copy Nuclear Sequences

The single copy or unique sequence or low-copy nuclear sequences are
referred to DNA or nuclear genome of plants consists of certain DNA
sequences that are present once per genome. The lengths of single
copy sequences in plant genomes usually vary from 200 to several
thousand bp. Single or low-copy nuclear genes have great potential to
elucidate phylogenetic relationships of plants (Mort and Crawford, 2004;
Mort et al., 2004, Schluter et al., 2005). Low-copy nuclear genes in
plants are a rich source of phylogenetic information. They hold a great
potential to improve the robustness of phylogenetic reconstruction at all
taxonomic levels, especially where universal markers such as cpDNA
and nrDNA are unable to generate strong phylogenetic hypotheses.
Low-copy nuclear genes, however, remain underused in plant
phylogenetic studies due to practical and theoretical complications in
unraveling the evolutionary dynamics of nuclear gene families. The lack
of the universal markers or universal PCR primers of low-copy nuclear
genes has also hampered their phylogenetic utility. It has recently
become clear that low-copy nuclear genes are particularly helpful in
resolving close interspecific relationships and in reconstructing
allopolyploidization in plants. Gene markers that are widely, if not
universally, useful have begun to emerge. Although utilizing low-copy
nuclear genes usually requires extra laboratory work such as designing
PCR primers, PCR-cloning, and/or Southern blotting, rapid accumulation
of gene sequences in the databases and advances in cloning techniques
have continued to make such studies more feasible (Sang, 2002). The
advantages of nuclear genes include the availability of many genes, their
overall faster rate of evolution, and their biparental inheritance (Small et
al., 2004). They also present practical difficulties such as complications
associated with discerning orthologues from paralogues, concerted
evolution, and recombination among paralogous sequences.
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Nuclear and Organelle
Specific PCR Markers

A.M. Alzohairy, G. Gyulai, H. Ohm, Z. Szabé,
S.M. Ragheb, M.A. Ali, H. Elsawy and A. Bahieldin

Introduction

The molecular markers targets different regions of the genomes either at
coding or non-coding loci. Next to the biochemical (i.e. protein) markers
such as ‘lzoenzyme Polymorphism’ (Hunter and Merkert, 1957), there
are genetic (i.e. DNA) markers (Gyulai et al., 1997; Schulman, 2007; EI-
Domyati et al., 2011), such as Restriction Fragment Length
Polymorphism (Grodzicker et al., 1974) and the numerous PCR-based
(Saiki et al., 1985; Mullis and Faloona, 1987) marker systems. In the
genome, these locus specific markers, either dominant or codominant,
and either linked to genes or QTLs (Quantitative Trait Loci), are still
important and feasible tools to compare robust number of individuals,
species and populations. Technically, these markers can be divided into
five technical generations (See Table 1) i.e. First Generation Markers
[e.g. Polymerase Chain Reaction (Saiki et al., 1985), Restriction
Fragment Length Polymorphism (Grodzicker et al.,, 1974)], Second
Generation Markers [e.g. Inter Simple Sequence Repeats (Zietkiewicz et
al., 1994), Randomly Amplified Polymorphic DNA (Williams et al., 1990)],
Third Generation Markers [e.g. Amplified Fragment Length
Polymorphism (Vos et al., 1995), Triple RAPD by using three primers, or
more (Mansour et al., 2008)], New Generation Markers [(e.g. Recursive
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Genome Function (Pellionisz, 2008)] and Genome Sequencing or First
and New Generations [(e.g. Nanopore genome sequencer (Hayden,
2012)]. Before utilization, all of these techniques need primer design
including analyses for hairpin, self and heterodimer formations and
suitable annealing temperatures (Alzohairy et al., 2014a,b). The primer
specificity should be confirmed by tools of basic local alignment search
tool (Figure 1) (Altschul et al., 1997) and MSA (Multiple Sequence
Alignments) in silico with the software programs of BioEdit (Hall, 1999),
MULTALIN (Combet et al., 2000), CLUSTAL W (Thompson et al., 1994),
MEGA4 (Tamura et al., 2007), and FastPCR (Kalendar et al., 2009).
Useful servers are also available, such as National Center for
Biotechnology Information (NCBI), the European Molecular Biology
Laboratory (EMBL), and Integrated DNA Technologies (idtDNA). The in-
silico PCR (http://insilico.ehu.es/PCR/) is also available for assessment
of primers used.

PCR markers target for coding DNA regions

¢ RT-PCR (Reverse Transcriptase PCR) and qRT-PCR (Quantitative
Real-Time PCR): The combinations of RTase enzymes (Baltimore,
1970; Temin and Mizutani, 1970), which can transcribe cDNA from
RNA copy; and the real-time PCR (RT-PCR) (Higuchi et al., 1993),
which can detect the levels of amplifying fragments PCR-cycle bay
cycles; led to the development of gRT-PCR (quantitative RT-PCR)
(Holland et al., 1991; Heid et al., 1996). This technique replaced the
Northern blot analysis (Alwine et al., 1977), which was developed for
mRNA quantification (Tang et al., 2009), basically following the DNA
blot techniques of Southern blot analysis (Southern, 1975). In qRT-
PCR, the isolated RNA templates of either mMRNA or small RNA
(Varkonyi-Gasic and Hellens, 2010) are first converted to
complementary DNA (cDNA) using a RTase enzymes, and then the
transcribed cDNA is used as a template for regular PCR. The
fragment analysis may conducted by end-point detection on agarose
gel (i.e. semi quantitative PCR) (Bittsanszky et al., 2006; Alzohairy et
al., 2012) (Figure 2a), or by gPCR equipments (Livak and Schmittgen,
2001; Gyulai et al., 2012a). To follow the amplifying qRT-PCR
products cycles by cycles (Figure 2b) DNA staying fluorescent dyes
(EtBr, EvaGeen, SybrGreed etc.) are applied either in single or
combined (e.g. TagMan; LifeTechnologies) forms (Freeman et al.,
1999).
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¢ Nested-PCR and Nested gRT-PCR: Nested PCR involves two
subsequent uniplex PCR reactions, in which the first PCR product (i.e.
the nest) is used for the second set of primers, which amplifies a
secondary target site within the first PCR product. One of the principal
of this method is that if a wrong locus were amplified first by mistake
the probability is very low to amplify it by the second time with the
second primer pair. The other advantage is in the case of very low
concentration of target sequence (e.g. viral infections). Based on
gRT-PCR, nested gRT-PCR was found unique diagnostic tool to
detect RNA viruses in the Human genome with the resolution rate of
single tumor cell of 10° white blood cells (Drobyski et al., 1994).

Fig. 2a: Samples of semi quantitative RT-PCR (Real Time Polymerase
Chain Reaction) (Corbett Research, Co) with end-point detection on
agarose gel (1.2 %). Gene expression levels of the constitutively
expressed gene 26SrRNA (1, 2) for standard, and the nuclear encoded
gene rbcS (3, 4), and the stress responsive gene gst (5, 6) were
determined in the cDNA samples of two poplar (Populus x canescens)
clones. Bands were quantified by a densitometer (ChemilmagerTM
4400, Alpha Innotech Inc., San Leandro, CA, USA) and calculated by a
computer program (Phoretix 1D Advanced, Nonlinear Dynamics, Ltd.,
Newcastle upon Tyne, UK) (Bittsanszky et al., 2006).

¢ Multiplex PCR: Compared to uniplex PCR, which amplifies single
nucleic acid sequence of the genome, multiplex PCR (mPCR) is
performed with more than one primer pairs in the same reaction mix,
which amplify more than one target sequences. Several mPCR
assays were suggested by research groups for microbiological quality
control of food (Park et al., 2006), water (Kong et al., 2002), clinical
samples and pharmaceutical raw materials and products (Ragheb et
al,, 2012). An alternative PCR strategy can be applied by using
gradient thermocyclers, which allow the use of primers of different
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annealing temperatures (T,.,) for simultaneous amplification of
different targets in the same run (Erlich et al., 1991; Don et al., 1991).

—h—— wild-type (X)
% 1000

Fluorescence (dR)

10 7z 14 16 18 20 2z 24 26 el 30 32 34 ko

PCR Cycles

Fig. 2b: Sample of qRT-PCR (quantitative Real Time Polymerase Chain
Reaction) measurements (Corbett Research, Co) of the expression of
plant gsh1 genes in three poplar (Populus x canescens) clones (11ggs,
6Lgl, and Wild Type), and compared to the concentration series of
control DNAs (1 to 1000 times dilution series) and NTC (Non Template
Control). Relative fluorescence (dR) and PCR cycle numbers are
indicated (Bittsanszky et al., 2006; Gyulai et al., 2012a).

o ARMS-PCR: The tetra-primer Amplification Refractory Mutation
System PCR (ARMS-PCR) is a Multiplex type PCR, which provides
fast assays for SNP analysis (single polymorphic loci) (locus stands
for nucleotide) coupled with sequencing or melting point analysis
(Newton et al., 1989). Through the combinations of two outer primers
and two allele-specific inner primers the barcoding (i.e. genotyping)
requires only regular PCR and fragment separations by
electrophoresis (Ye et al., 1992).

o Simple Sequence Repeats (SSRs): In all prokaryote and eukaryote
genomes SSRs (syn.: microsatellites) are found universally with core
SSRs of 1 to 6 nucleotides (Gupta et al., 1994). The length
polymorphism between individuals occurs due to the change in the
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number of core repeats (Jarne and Lagoda, 1996; Szab¢ et al., 2005;
Gyulai et al., 2006; Téth et al., 2007). Dinucleotide core repeats like
(CA)n and (GA)n are the most abundant repeats. In humans, (CA)n
repeat occurs once in every 30 kb. PCR primer pairs are designed to
the sequences of flanking regions of the microsatellites (Dakin and
Avise, 2004), and after the PCR amplification is followed by
visualization in agarose or polyacrylamide gels (Figure 3a,b,c). SSR
provides co-dominant and highly reproducible markers. Microsatellite
markers were found very useful for population genetics, variety
identification and protection, monitoring of seed purity and hybrid
quality, gene tagging, germplasm evaluation, genome mapping and
phylogenetic studies (Lavin et al., 2003) with or without bootstrap
analysis (Figure 4) (Dakin and Avise, 2004; Kaukinen et al., 2004;
Alzohairy et al., 2012, 2013; Gyulai et al.,, 2014). In the case of
hierarchical cluster analysis the Maximum Likelihood (ML) method
was suggested to be the most comprehensive method (Hillis et al.,
1994).

Alleles Dinucleotide repeat
fil — o ; s
——— CACACACACACACACACACACA —g—
#2 T—
———— CACACACACACACACACACACACACA ~
#3 — __  CACACACACACACACACACACACACACACACA ———
Genotypes
—— Forward primer
4—— Reverse primer 1 202 3f3 12 48 2f3
Flanking sequence — M
= =m =
== == =a

Fig. 3a: Principle of the microsatellite (SSR) based barcoding in the case
of a (CA)n repeat.
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Fig. 3b: Sample of the fluorogram of an SSR (TC)n repeat (68 to 100 nt)
of watermelon (Citrullus lanatus) microsatellite amplified and sequenced
by ABI PRISM 3100 Genetic Analyzer (LifeTechnologies) (Szabé et al.,
2005; Gyulai et al., 2011b).

5'@ > 3'

PAGE gel 3 ‘ 5

- = = =MW [

SSR
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- - M2

-———)

LASER ©

Fig. 3c: Schematic flow chart of the ALF-SSR fragment separation by
using ALF method (Automatic Laser Fluorometer; Amersham
Bioscience, Uppsala, Sweden - AP Budapest, Hungary) (a). One strand
of the PCR primer pair is labelled by Cy5 fluorescent die (b). The outputs
of gel image (c) and the real fluorograms (d) are shown. DNA loading
lanes (1-40), electric current (poles + and -), Mw standards (Mw1 and
Mw2), DNA fragments, and the data analyzing computer program
(ALFwin Fragment Analyser Version 1.00) are indicated (To6th et al.,
2007; Gyulai et al., 2006, 2011a,b).
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e ALF-SSR: The SSR analysis can be automated and multiplexing by
labelling the primers with fluorescent dye (Figure 2c). A very sensitive
and automated method of ALF-SSR PCR (Automatic Laser
Fluorometer). In this method, one primer of each primer pair is
labelled with Cy5 (Phosphoramidite), a cyanine type fluorescent dye,
at the 5-end (Sigma) according to Roder et al. (1998). The Cy5
labelled ALF-SSR fragments are excited by helium/neon microlaser at
643 nm, and the emitted fluorescent signal of the Cy5 is detected at
667 nm by ALFexpress Il DNA Analyser (Amersham Bioscience,
Uppsala, Sweden - AP Budapest, Hungary). The ALF-SSR
fluorograms are analyzed by computer program of ALFwin Fragment
Analyser Version 1.00 (Pharmacia — Amersham Bioscience, Uppsala,
Sweden. AP-Hungary, Budapest) according to Roder et al. (1998),
Huang et al. (2002), and Gyulai et al. (2011a,b; 2012b).

¢ Inter-simple sequence repeats (ISSR): ISSR amplifies (Zietkiewicz
et al., 1994) target DNA regions between located in two identical
microsatellite repeats (SSRs) (Figure 5). ISSR was used extensively
for producing molecular markers in crops and horticultural plants
(Lagler et al., 2005; Youssef et al., 2010).

e RAPD-ISSR (R-ISSR): R-PCR combines RAPD and ISSR primer
pairs in PCR reactions, which is able to reveal new genomic loci that
could not be detected with either primer system alone in maize
genome (Ye et al., 2005). Further combinations of the different marker
systems also suggest new possibilities in DNA barcoding.

e R-PCR (Restricted PCR): For reducing nonspecific PCR
amplifications, which is caused by mispriming during PCR reactions,
besides the standard pair of primers, 3'-dideoxy-terminated competitor
oligonucleotides were applied in the PCR reactions (Puskas and
Bottka, 1995). By this way an enhanced specificity of target site
amplification was achieved. The competitor oligonucleotides act by
masking possible sites of nonspecific primer-template interaction, thus
excluding undesired PCR extensions. This technique is generally
applicable when highly degenerate primers are used (Puskas and
Bottka, 1995).

o DGGE-RAPD (Denaturing Gradient Gel Electrophoresis - RAPD):
The detection of DNA polymorphism in self-pollinating species was
found to be difficult. To facilitate, DGGE (Denaturing Gradient Gel
Electrophoresis) was used for RAPD analysis. In DGGE gel (12%
acryalmide in TAE buffer with denaturant gradient, 10-50%, of 7 M
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urea and 40% formamide) the two alleles of a locus (if different) run
separately. This method greatly improved the detection of
reproducible DNA polymorphism among closely related plant species
and lines. It was used first to estimate pedigree relationships among
plant materials in wheat (Triticum), barley (Hordeum) and oat (Avena)
(Dweikat et al.,, 1993). DDGE-RAPD was also found highly
discriminative for the identification of barley (Hordeum) cultivars with
different pedigree (Bahieldin et al., 2006), and proved that DGGE-
RAPD is a superior method for detecting DNA polymorphism when
compared to RFLP, agarose-RAPD, or polyacrylamide-RAPD
methods (Figure 6).

Jod 7LE8Y

. -
—

o
“65e,

e, |
il 3§

o

Fig. 4: Bootstrap (1000 x replicates) radial phylogram of 23S rRNS gene
of cpDNA of grapevine (Vitis vinifera) compared to the evolutionarily first
land plant of ferns Selaginella uncinata (Seun); the ancient higher plant
of gymnosperm Pinus thunbergii (Pinth) and Pinus koraiensis (Pinko);
the fist angiosperms plant Amborella trichopoda (Amtr) of the basal
angyosperm ANITA (Amborella, Nymphaeales, llliciales, Trimeniaceae
and Austrobaileya) group, which plant’s (a dwarf tree) by xylotomy still
resembles to gymnosperms but by flowers do it to angiosperms. Vitis
vinifera (Vivi) and two poplars (Poal - Populus alba and Poptr - P.
trichocarpa) are also included. cpDNA sequences (<2830 nt) were
downloaded from CGD  (Chloroplast Genome  Database;
http://chloroplast.cbio.psu.edu/index.html). Sequences were aligned by
BioEdit (Hall, 1999), following ML phylogram edition (Maximum
Likelihood, Hillis et al., 1994) by using MEGA4 program (Tamura et al.,
2007). Genetic distance (scale 0.01) is indicated.
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Fig. 5: Samples of ISSR analysis with monomorphic (a) and polymorphic
(b) band patterns on agarose gel (0.8 %), which were amplified by
primers of FV835 [(AG)sYC] (a), and FV811 [ (GA)sC] (b), in common
millet (P. miliaceum) cultivars (1 to 20) compared to an ancient medieval
(15™ CENT.) sample (indicated as 15.c). Mw — 100 bp DNA ladder.
Asterisk indicates the missing ISSR fragment (Lagler et al., 2005).

Fig. 6: Comparison of fragment patterns of agarose-RAPD (a), (c) and
(e); and DGGE-RAPD (b), (d) and (f) generated by Operon RAPD
primers of OP-A12 (a) and (b), OP-B09 (c) and (d); and OP-B15 (e) and
(f) used for six barley (Avena sativa) cultivars (Bahieldin et al., 2006).
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PCR markers target random sites of the genome

¢ Single-, Double-, and Triple-Primed RAPDs: RAPD (Random
Amplified Polymorphic DNA) assay is one of the earliest and widely
used PCR-assay using single primer of arbitrary nucleotide
sequence (Williams et al., 1990). The potential of the original
RAPD assay (Gyulai et al., 2000) was further increased by
combining two and three primers (Figure 7) in the same PCR
reaction (Mansour el al., 2008).

by g S
(a) E DIA double strand -
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Fig. 7: Principles of the Single- (A), Double- (A, B), and Triple- (A, B, and
C) primed RAPD-PCRs (a) with indications of hypothetical band patterns
(b). Only a single locus (band) per primers is indicated. Bands amplified
with double and triple primers are indicated with asterisk (Mansour et al.,
2008).

+ Retrotransposon based PCR markers: Retrotransposons (RTs)
are major constituents of most eukaryotic genomes; they are
ubiquitous, dispersed throughout the genome, and their abundance
correlates with the host genome sizes, which provides unique
possibilities for molecular barcoding (Ali et al., 2014).
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Organelle (Chloroplast and Mitochondria) specific PCR markers

DNAs of chloroplast (cpDNA) and mitochondria (mtDNA) have been
used very frequently in plant systematic and phylogenetic studies (Ali et
al., 2014). Both organelle DNAs are circular molecules ranging in size of
120 Kbp to 500 Kbp (Figure 8), with unique exception of green alga
Floydiella terrestris with huge cpDNA of 521.168 bp (NCBI#
NC_014346); and Cucumis melo (Alverson et al., 2010) with giant
mtDNA (2,900,000 bp) (Gyulai et al., 2012b; Ali et al., 2014).

CpDNA vs. mEDNA

190000
180000 - Ch‘a‘ra Vaccinium
Spirodela a
bl | A Ric‘nust.irﬁodendmn e
;5 160000 Daucus Ambﬂopgi;mmia b A ¢
~— 150000 | Bm;%ca *  A%ie : Phoenix
Helianth , ea
g 140000 - elianthus Lotus 3Sorghurm‘
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120000 | 9 2
. .
110000 | archantia
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Fig. 8: Size correlations between cpDNA and mtDNA genomes show a
shift from green algae (Chara vulgaris) with high cpDNA/mtDNA ratio
(2.73) through mosses of Physcomitrella patens (1.16) and Marchantia
polymorpha (0.65) towards flowering plants of dicots to monocots with
exception of Vitis. The decreasing ratio of cpDNA/mtDNA indicates an
enlargement of mtDNA during the evolution: Spirodela polyrhiza (0,74);
Brassica napus (0,69); Daucus carota (0,55); Helianthus annuus (0,50);
Arabidopsis thaliana (0,42); Lotus japonicus (0,40); Vaccinium
macrocarpon (0,38); Glycine max (0,38); Vigna radiata (0,38); Huperzia
lucidula (0,37); Ricinus communis (0,32); Sorghum bicolor (0,30);
Triticum aestivum (0,29); Liriodendron tulipifera (0,29); Oryza sativa var.
japonica (0,274); Oryza sativa var. indica (0,273); Zea mays (0,25);
Oryza rufipogon (0,24); Phoenix dactylifera (0,22); and Vitis vinifera
(0,21). NCBI (Altschul et al., 1997) data were plotted by XY plot of
Microsoft Windows Xcel program (Ali et al., 2014).
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There are about 100 functional genes encoded in the chloroplast
genomes, which contains, with few exceptions (IRL — IRless), two
duplicate regions of inverted repeats (IR) in reverse orientation (from 10
to 76 kb). They divide the chloroplast genome into large (LSC) and small
single-copy (SSC) regions. The structural organization of chloroplast
genome is highly conserved, i.e., relatively free of large deletions,
insertions, transpositions, inversions and SNPs (single nucleotide
polymorphism), which make it advantageous for phylogenetic studies.
Chloroplast DNA is abundant (generally, 50 chloroplasts are in plant
cells, and a single chloroplast have 50 cpDNA copy, which results 2.500
cpDNA copy per cell) compared nuclear DNA (generally 2n).
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Fig. 9: Nucleotide compositions of DNA sequences. Total genomes
(including coding and non-coding regions) (nuDNA, gDNA, cpDNA, and
mtDNA) are compared to coding gene sequences (gsh1; psbA and
nad1). Accession numbers are NC_003070; NC_008402.1;
NC_003076.5; X03954; AJ508916; Y09944; AF017983; AF128455;
AF128454; NC_010093.1; NC_009963.1; NC_009766.1; NC_001568.1;
NC_006050; EF380354; AB237912; DQ383815; AJ400848; AP000423;
NC_007886.1; NC001284.2; NC_007982.1; NC_007579.1;
NC_008362.1; NC_008360.1; NC_006581.1; NC_008285; NC_007886;
NC_001284; NC_007982 of NCBI (Altschul et al., 1997).
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Organelle DNAs are usually uniparentally inherited (maternally in
angiosperms and paternally in gymnosperms, in general, with some
exceptions) (Neale et al., 1989), which facilitate to determine the
maternal parent in hybrids and allopolyploids. Some chloroplast regions
like psbA-trnH spacer, and rps16 intron gene evolve relatively rapidly.
There are a number of noncoding cpDNA regions which are also useful
target of study such as the intergenic spacer of atpB-rbcL (reviewed by
Ali et al., 2014). Due to the evolutionary high AT-content of prokaryotic
cpDNA and mtDNA of higher plants compared to nuDNA (Figure 9)
lower temperatures are used in the PCR reactions (Demesure et al.,
1995; Dane et al., 2004).

Total Genome Barcoding (i.e. Sequencing)

From the new generation markers (Pellionisz, 2008) through the total
genome sequencing such as the first ddNTP technology followed by
Chip technologis (Fodor et al., 1991, 2007), the second- and new
generation technologies to the newest proton- (Pennisi, 2010) and
nanopore sequencing (Hayden, 2012), which provide the total genome
sequences.
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Introduction

DNA barcoding is a tool which is used for the identification of unknown
plant and animal species by using a short DNA sequences. In 2003, Paul
Hebert and his co-workers from University of Guelph, Canada,
discovered and proposed the term DNA barcoding and brought a new
dimension in the scientific community. The Consortium for the Barcode
of Life (CBOL) plant-working group recommended the 2-locus
combination of rbcL and matK as the standard plant barcodes based on
assessments of recoverability, sequence quality and levels of species
discrimination. Molecular based method such as DNA barcoding is a
modern and innovative technique which can explore the evolution as well
as the genetic relatedness of plants. Various workers have been studied
the plant evolution, and able to solve various anomalies in the taxonomic
levels by using the chloroplast gene such as matK and rbcL. The matK
gene has two unique features that emphasize its importance in
molecular biology and evolution. It is characterized by its fast
evolutionary rate and putative function as a group Il intron maturase.
matK is a chloroplast-encoded gene nested between the 5 and 3’ exons
of trnK, tRNA-lysine (Sugita et al., 1985) in the large single copy region
of the chloroplast genome. The mode and tempo of matK evolution is
distinct from other chloroplast genes. Rate of nucleotide substitution in
matK is three times higher than that of the large subunit of Rubisco
(rbcL) and six fold higher at the amino acid substitution rate (Johnson
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and Soltis, 1994; OImstead and Palmer, 1994), establishing it as a fast-
or rapidly-evolving gene. This high nucleotide and amino acid
substitution rates provides high phylogenetic signal for resolving
evolutionary relationships among plants at all taxonomic levels (Hilu and
Liang, 1997; Soltis and Soltis, 1998; Hilu et al., 2003). The resolution
achieved with sequences of matK is equivalent to using up eleven other
genes combined (Hilu and Liang, 1997; Hilu et al., 2003). In addition to
the high rate of substitution, matK also displays varying number and size
of indels (insertions and deletions) (Hilu and Liang, 1997; Whitten et al.,
2000; Hilu et al., 2003). Most indels identified in matK have been found
in multiples of three, conserving the reading frame (Hilu and Liang, 1997;
Hilu and Alice, 1999; Whitten et al., 2000; Hilu et al., 2003). However,
the presence of indels, high substitution rates, and premature stop
codons found in some plant families (Kores et al., 2000; Kugita et al.,
2003) raises the question of whether a gene, with such features, is
capable of maintaining stable protein structure and function. matK is the
only gene found in the chloroplast genome of higher plants that contains
this putative maturase domain (Neuhaus and Link, 1987). There are 16
group Il introns nested within 15 chloroplast genes (Kohchi et al., 1988;
Ems et al., 1995; Maier et al., 1995), which would require a maturase for
intron splicing and proper protein translation. Maturases are splicing
factors that aid in splicing and folding group Il introns (Vogel et al.,
1997). Studies of the white barley mutant albostrians, a chloroplast
ribosomal mutant, demonstrated that although, some group Il introns
were processed by an imported nuclear maturase, there were at least six
plastid genes (trnK, atpF, trnl, trnA, rpl2, and rps12 cis) with group Il
introns that would require a chloroplast maturase for splicing (Vogel et
al.,, 1997; Vogel et al.,, 1999). Western blot analysis indicated that a
protein of approximately 60 kDa is produced by the matK gene in barley
(Vogel et al.,, 1999). Identification of a MatK protein product and
demonstration of a lack of splicing for some group Il introns in the
albostrians mutant suggest a potential functional role for MatK as a
group Il intron maturase in the chloroplast.

Structure of the matK gene

For most land plants, the matK gene is nested between the two exons of
trnK, tRNA-lysine. The matK ORF is approximately 1500 bp in most
angiosperms (Hilu et al., 1999), corresponding to around 500 amino
acids for the translated protein product. The structure of this gene
includes indels of various length and number (Hilu and Alice, 1999; Hilu
et al., 2003). For example, the Epifagus matK gene contains a 200-bp
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deletion at the 5 end compared to tobacco matK (Ems et al., 1995).
Nucleotide substitution rates are not evenly distributed across the matK
ORF, but instead, matK has regions displaying high mutation rates (Hilu
and Liang, 1997). The third codon position tends to have a slightly higher
mutation rate than the first and second codon position, suggesting
neutral or purifying selection in this gene (Young and dePamphilis,
2000). Amino acid sequence analysis revealed a highly conserved
region close to the 3’ end of this gene that lacks indels (Hilu and Liang,
1997). This region contains 448 bp, is called domain X and has
similarity to a conserved functional domain found in mitochondrial group
Il intron maturases (Sugita et al., 1985; Neuhaus and Link, 1987).

Group Il introns

Group Il introns are a large class of self-catalytic ribozymes as well as
mobile genetic element found within the genes of all three domains of
life. Ribozyme activity (e.g., Self-splicing) can occur under high-salt
conditions in vitro. However, assistance from proteins is required for in
vivo splicing. Introns can be classified into one of three groups: |, Il, or
llIl.  Group | introns are considered primarily self-splicing but an
accessory protein factor for intron excision is required in some cases
(Saldanha et al., 1993; Geese and Waring, 2001). Group Il introns often
require a maturase for excision and can only self-spice under non-
physiological conditions (Saldanha et al., 1993; Noah and Lambowitz,
2003). Group lll introns are a modified form of group Il introns (Mohr et
al., 1993). Group Il introns can be further subdivided based on structural
characteristics into IlA and 1IB (Michel et al., 1989). The cellular location
of group | and group Il introns is very similar with both being dispersed in
mitochondria and chloroplast genomes. Group | and group Il introns can
be found in MRNA, tRNA and rRNA genes of each of these organelles
(Ferat and Michel, 1993; Cho et al., 1998; Vogel et al., 1999;
Bhattacharya et al., 2002; Rudi et al., 2003). Unlike group Il introns,
group | introns have also been found in nuclear genes (Saldanha et al.,
1993). For group | introns, the splicing reaction involves a guanine, as
the attacking group, to break the phosphodiester bond on the 5’ side of
the intron (Alberts et al., 1994). Group Il introns, however, use adenine
as the attacking nucleotide to form the lariet structure (Alberts et al.,
1994; Kelchner, 2002). Group Il introns can be either autocatalytic (its
ancestral characteristic), or require splicing factors to form the lariat
structure and be spliced out of the RNA transcript (Alberts et al., 1994).
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Group Il introns have been found in mitochondria and chloroplasts of
plants and fungus (Mohr et al., 1993). In addition, this group of introns
has also been identified in the proteobacterium Azotobacter vinelandii
and the cyanobacterium Calothrix, bacteria related to the probable
ancestor of the mitochondria and chloroplast, respectively (Ferat and
Michel, 1993). Thus, group Il introns are an ancestral character of
organelle evolution. Several group Il introns bear an open reading frame
(Sugita et al., 1985; Mohr et al., 1993; Moran et al. 1995; Saldanha et al.
1999) which often encodes a reverse-transcriptase/maturase that is
capable of transposing the intron into a new location (Mohr et al., 1993;
Moran et al, 1995). A study using Saccharomyces cervisiae
demonstrated this mobility by showing that mitochondrial group Il introns
can be inserted in cox1 alleles that were originally missing this group of
introns (Moran et al., 1995). This mobility provided an indication towards
evolution of ORFs in this pool of introns. The ORF not only contained
domain X for maturase activity, but also, a reverse-transcriptase (RT)-
like domain (Mohr et al, 1993). Phylogenetic analysis of the RT domain
of intron encdoed proteins (IEPs) indicated sequence homology to the
RT domains of retroviruses, such as HIV-1 (Blocker et al., 2005), and
non-long terminal repeat (LTR) retroelements (Mohr et al., 1993; Moran
et al.,, 1995; Blocker et al., 2005). Thus, the group Il intron-encoded
proteins are evolutionarily related to retroviruses and retroelements
known to have display similar patterns of mobility within the genome.

Group Il intron maturases

It was discovered that some mitochondrial group Il introns contain ORFs
encoding their own splicing factors termed ‘maturases’ (Saldanha et al.,
1993). Maturases are thought to be required as translated protein for in
vivo splicing of some group Il introns (Mohr et al., 1993). Although the
maturases of yeast and Lactococcus only process the intron in which
they are encoded (Matsuura et al., 2001; Cui et al., 2004; Rambo and
Doudna, 2004), at least two maturases, CRS2 and MatK, can splice
several different introns (Liere and Link, 1995; Jenkins et al., 1997;
Vogel et al., 1999; Ostheimer et al., 2003). Both of these maturases are
thought to function in the chloroplast (Liere and Link, 1995; Jenkins et
al., 1997; Vogel et al., 1999; Ostheimer et al., 2003).

Sequence analysis of 34 intron-encoded ORFs identified three
domains that are generally maintained in most maturases: a reverse
transcriptase (RT) domain, domain X, and a zinc finger-like region (Mohr



83

et al.,, 1993). The RT domain is thought to be an ancestral character,
remnant from the origin of these introns as non-LTR retrotransposons
(Mohr et al., 1993; Moran et al., 1995). The RT domain is active in
certain maturases (Moran et al., 1995; Matsuura et al., 1997; Saldanha
et al.,, 1999; Wank et al., 1999). The zinc finger-like domain comprises
the core of the DNA endonuclease activity of these maturases (Moran et
al., 1995), while the maturase activity is retained in domain X (Mohr et
al., 1993). All three regions of the maturase enzyme are thought to act
in concert to achieve mobility in group Il intron (Saldanha et al., 1999;
Singh et al., 2002; Rambo and Doudna, 2004). However, only the RT
domain and domain X are required for the splicing activity (Cui et al.,
2004; Rambo and Doudna, 2004). A general mechanism for this
mobility/maturase activity is through maturase domain that binds to the
group Il intron and consequently, folds the intron to form a lariat structure
by bringing the attacking adenine to the 5’ end of the intron (Mohr et al.,
1993; Saldanha et al., 1999; Kelchner, 2002). This results in splicing the
intron lariat structure out of the precursor RNA. The maturase then
remains bound to the excised RNA to form a ribonucleoprotein particle
(RNP) (Saldanha et al., 1999). Next, the DNA endonuclease domain
creates a double-strand break at the target insertion site (Saldanha et
al., 1999). Once the break is formed, the reverse transcriptase domain is
activated to integrate the excised group Il intron into a new site by DNA-
primed reverse transcription (Saldanha et al., 1999). Although the RT
and DNA endonuclease activity have been well studied in these introns,
the maturase activity is less well understood.

Group Il intron maturases have been studied primarily in the
Lactococcus LtrA maturase protein (Matsuura et al., 1997; Wank et al.,
1999; Singh et al.,, 2002; Noah and Lambowitz, 2003), yeast
mitochondrial maturases (Moran et al., 1994) and a few nuclear-encoded
maturases (Jenkins et al.,, 1997; Mohr and Lambowitz, 2003). A
mechanism of splicing has been defined for the LirA maturase (Matsuura
et al,, 2001; Singh et al. 2002; Rambo and Doudna, 2004), and
preliminary research has indicated aspects of nuclear-encoded maturase
function (Jenkins et al., 1997; Ostheimer et al., 2003; Ostheimer et al.,
2006). However, studies on mitochondrial maturases have not defined a
mechanism of group Il intron processing. The mechanism of bacterial
maturase LtrA is the most defined, and shown to be influenced by
magnesium concentration (Matsuura et al., 1997; Noah and Lambowitz
2003). LtrA binds to a high affinity region on the group Il intron referred
to as DIVa (Matsuura et al., 2001; Singh et al., 2002). This region is also
the site of the ORF for the maturase in the intron (Matsuura et al., 2001;
Singh et al., 2002; Rambo and Doudna, 2004). Once bound, the protein
interacts with other conserved regions in the intron to form the final lariat
structure for excision (Matsuura et al., 2001; Singh et al., 2002).
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The nuclear-encoded maturase CRS2 is transported to the
chloroplast where it processes nine out of the 10 chloroplast-encoded
group lIB introns (Ostheimer et al., 2003). CRS2 forms a complex with
CAF1 and CAF2 for binding and processing group IIB introns (Ostheimer
et al., 2003). However, no other details of the splicing mechanism have
been defined. CRS1 is a nuclear-encoded chloroplast maturase that acts
only on the group IIA intron of atpF in the chloroplast (Till et al., 2001).
However, the group llA intron of atpF also requires an additional, yet to
be identified, factor from the chloroplast for complete excision (Jenkins et
al., 1997). Since the protein product of matK is the only putative group Il
intron maturase encoded in the choroplast genome (Neuhaus and Link,
1987), it can be hypothesized that the additional chloroplast-encoded
factor for intron excision in atpF is MatK.

Significance in evolutionary studies

Evolutionary studies in plants utilize several methodologies in order to
obtain the most clearly defined robust phylogenetic trees. Molecular
sequence data has revolutionized evolutionary studies and enhanced the
resolution of phylogenetic trees immensely. Genes used in plant
systematics display different trends of evolution. Slow-evolving genes,
such as rbcL and atpB, have high sequence conservation among plant
groups. This high sequence conservation allows a good resolution that
has been confined to the family level, but cannot solve the intricacies
below this level (Hilu and Liang, 1997; Goldman et al., 2001). Fast-
evolving genes, such as matK, provide enough revenues for evolutionary
analysis at the family level and below (Hilu and Liang, 1997; Goldman et
al.,, 2001). The matK gene is considered to be fast-evolving due to the
fact that it has a high rate of substitution and more variable sites
compared to other genes (Olmstead and Palmer, 1994; Johnson and
Soltis, 1995; Hilu and Liang, 1997; Soltis and Soltis, 1998). The matK
ORF is not homogenous in rate of nucleotide substitution but instead
contains regions of varying rates of substitution (Johnson and Soltis,
1995; Hilu and Liang, 1997). One of the conserved regions in matK is the
putative functional domain X (Hilu and Liang, 1997).

In phylogenetic analysis, phylogenetically informative characters are
those which are variable and not the product of homoplasy (parallel
evolution). However, these characters are not so variable that alignment
between specific taxonomic levels can be accomplished. matK provides
many informative characters in regions that do not have excessive
variability nor excessive conserved sequence and can be aligned to
determine evolutionary relationships from the species to the divisional or
even higher taxonomic levels (Johnson and Soltis, 1995; Hilu and Liang,
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1997; Hilu et al., 1999, 2003). matK has been useful for determining
phylogenetic histories for several plant taxa including the Saxifragaceae
(Johnson and Soltis, 1995), Orchidaceae (Kores et al., 2000, 2001;
Whitten et al., 2000; Goldman et al., 2001), the asterids (Bremer et al.,
2002), as well as across all angiosperms taxa (Hilu et al., 2003).
Phylogenetic studies using matK have produced more robust trees than
had previously been determined using multiple genes (Hilu et al., 2003).
Despite this extensive use of the matK gene for phylogenetic analysis,
some disputes still remain pertaining to its expression and functionality in
the chloroplast genome, reinforcing that matK is just a pseudogene
(Kores et al., 2000; Whitten et al., 2000; Goldman et al., 2001; Kores et
al., 2001). Nonetheless, researchers also utilized matK for some of their
phylogenetic studies. matK has been considered as a pseudogene
because they contain stop codons within the ORF, bear indels that
create frame-shift mutations, and display an equal level of substitution
for all three codon positions (Kores et al., 2000, 2001). Pseudogenes
can fall into two categories: genes that are not transcribed, and genes
that are transcribed but contain premature stop codons and produce
truncated, non-functional proteins (Mighell et al., 2000; Balakirev and
Ayala, 2003). The stop codons found within the matK ORF of members
of the Orchidaceae may place matK in the second category of
pseudogene that produces a truncated protein. However, this result
would depend on the reading frame translated. Contrary to some of the
findings of the matK gene sequence from the orchids, sequence analysis
from nine representative species across the plant kingdom demonstrated
that the indels within the matK gene occurred in multiples of three,
conserving the matK reading frame (Ems et al., 1995). Additionally,
frame-shift mutations found in the 3’ region of matK of the Poaceae,
which could also alter or destroy the reading frame; appear to be limited
to the very 3’ region of this gene, not affecting the functionality of domain
X (Hilu and Alice, 1999). Thus, the ORF of matK appears to be intact
and maintained in these plant species (Ems et al., 1995; Hilu and Alice,
1999). Further, the presence of the matK gene without trnK retained in
the residual chloroplast genome of Epifagus (Ems et al., 1995) and the
report of a protein product for MatK in extracts from barley (Vogel et al.,
1999) support that this gene is translated into an essential functional
protein product in the chloroplast genome. In 2008, Selvaraj et al.,
(2008) used the chloroplast matK gene sequences from GenBank to
evaluate the generic and species oriented variations and phylogenetic
relationships among the members of the family Zingiberaceae. They
proved that of the 47 genera representing the family Zingiberaceae, five
genus Afromonum, Alpinia, Globba, Curcuma and Zingiber showed
polyphylogeny. They thus suggested that matK gene is a good candidate
for DNA barcoding of Zingiberaceae family members.
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In conclusion, the chloroplast gene maturase K (matK), proposed to
bear group Il introns, is one of the most variable coding genes of
angiosperms. It is one of the most promising candidates for barcode
analysis in land plants. Being a coding region, the matK has very high
evolutionary rate and thus finds its application in phylogenetic
reconstructions at high taxonomic levels, such as Order or Family, and
sometimes also at low taxonomic levels, such as genus or species.
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Introduction

Retrotransposons (RTs) are major components of most eukaryotic
genomes; they are ubiquitous, dispersed throughout the genome, and
their abundance correlates with the host genome sizes. Copy-and-paste
life style of the RTs consists of three molecular steps, which involve
transcription of an RNA copy from the genomic RT, followed by reverse
transcription to cDNA, and finally a reintegration event into a new locus
of the genome. This process leads to new genomic insertions without
excision of the original RT. The target sites of insertions are relatively
random and independent for different plant taxa; however, some
elements cluster together in ‘repeat seas’ or have a tendency to cluster
around the chromosome centromers and telomeres. The structure and
copy number of retrotransposon families are strongly influenced by the
evolutionary history of the host genome. Molecular barcoding of RTs
play an essential role in all fields of genetics and genomics, and
represent a powerful tool for molecular barcoding. To detect RT
polymorphisms, marker systems generally rely on the amplification of
sequences between the ends of the retrotransposon, such as long
terminal repeats (LTR) of LTR-retrotransposons (LTR-RT) and the
flanking genomic DNA.
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Interspersed repetitive DNA sequences comprise a large fraction of
the eukaryotic genomes. They predominantly consist of transposable
elements (TEs) with two main families, Retrotransposons (Class |) and
DNA transposons (Class Il) (McClintock, 1984). Retrotransposons (RTs)
are the most abundant class of TEs (IHGSC, 2001; Feschotte et al.,
2002; Sabot and Schulman, 2006; Kalendar and Schulman, 2006).

There are two major groups of RTs based on the presence vs.
absence of long terminal repeats (LTRs), LTR-retrotransposons (LTR-
RTs) and non-LTR-retrotransposons. LTR-RTs comprise two main
subgroups, copia (with high copy number) and gypsy (with high
transposing activity) (Figure 1). Both, copia and gypsy LTR-RTs, carry
regulatory sequences of gene promoters such as CAAT box (e.g.,
CCATT), TATA box (e.g., TGGCTATAAATAG), transcription start (e.g.,
CCCATGG), polyadenylation signal (e.g., AATAAG), and
polyadenylation start (e.g., TAGT) (Ramallo et al., 2008). All these
domains are required for replication and integration of RTs (Sabot and
Schulman, 2006; Mansour, 2008). The large internal domain of the LTR-
RTs encodes the structural proteins of the virus-like particle, which
encapsulate the RNA copy of the RT, and the enzymes Reverse
Transcriptase and Integrase (Figure 1). The process is called
transposition.

a)

l‘ Gag-Pol Coding Region ‘L
> 5'LTR >UPBS [V GAG | AP [ INT [ RT | RH [ PPT | > 3'LTR >
A i A
; v v :
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1‘ Internal Domain 1\
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Fig. 1: Schematic representation of structural differences between Copia
(a) and Gypsy (b) LTR-RT families. 5’LTR - 5-end of long terminal
repeat; PBS - primer binding site; GAG - group-specific antigen (syn.:
capsid protein gene); AP - aspartic protease gene; INT - integrase gene;
RT - reverse transcriptase gene; RH - ribonuclease-H gene; 3'LTR - 3°-
end of the long terminal repeat; PPT - polypurine tract (Alzohairy et al.,
2014b).

There are three further non-autonomous, short derivative,
recombinant LTR-RTs, LARD (Large Retrotransposon Derivatives),
TRIM (Terminal Repeat Retrotransposon in Miniature) and solo-LTR
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(sequence carrying 5 and 3’ LTRs only) (Xiong and Eickbush, 1990;
Havecker et al., 2004; Jurka et al., 2007). The size of LTR-RTs varies
from long (e.g., Bare1 copia LTR-RT at 13,271 bp, NCBI Z17327) to
short (e.g., Bare1 copia solo-LTR-RT at 3,130 bp, NCBI AB014756; and
the truncated RLC Lara copia RT; at 735 bp, NCBI EF067844;
TREP2298). In plants, LTR-RTs are more plentiful and active than non-
LTR-RTs (AGI, Arabidopsis Genome Initiative, 2000; Rice Chromosome
10 Sequencing Consortium, 2003; Alzohairy et al., 2012; 2013; 2014a,b).
Due to the induction of chromosome recombinational processes during
the meiotic prophase, active retrotransposons tend to lose their activity
due to sequence breakage (Mansour, 2007; 2008; 2009; Alzohairy et al.,
2012; 2013; 2014a,b).

Utilization of retrotransposons as molecular markers

Molecular barcoding methods (Schulman, 2007) based on RTs rely on
PCR, and detect large portions of the genome (Kalendar et al., 1999;
Kalendar and Schulman, 2006; Venturi et al., 2006; Branco et al., 2007;
Sanz et al., 2007; Mansour, 2008; Mansour et al., 2010; Poczai et al.,
2013). Barcode and marker systems based on different RTs show
different levels of resolution and can be chosen to fit the identification of
a given genome (Leigh et al., 2003; Queen et al., 2004; Ashalatha et al.,
2005; Chadha and Gopalakrishna, 2005; Tam et al., 2005; Teo et al.,
2005; Brik et al, 2006; Kalendar and Schulman, 2006).
Retrotransposon-based markers follow Mendelian inheritance with high
levels of genetic variability (Manninen et al., 2000; Huo et al., 2009).

Three different orientations of RTs are possible (i.e., head-to-head,
tail-to-tail, and head-to-tail), either at a single locus, or inserted next to or
within each other (nested RTs). This feature increases the variation
available for revealing polymorphism within and among species. If the
RT sequence and the adjacent genomic sequences are known, then all
types of PCR-based molecular techniques can detect RT
polymorphisms.

As the new cDNA copy of RT integrate into a new locus of the
genome the old copy persist in the genome across generations, and the
variation between ancestral and derived RT loci can be revealed
(Mansour, 2008). The presence of a given retrotransposon suggests its
orthologue integration, while the absence indicates the plesiomorphic
condition prior to integration (Kalendar, 2011). The presence vs.
absence of RTs can be utilized to construct phylogenetic trees of species
due to the distribution of retrotransposons across organisms. This is the
reason that RTs have been suggested to provide powerful phylogenetic
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markers with little if any homoplasy (Shedlock and Okada, 2000,
Schulman, 2007).

Primer design for detection LTR-RTs

The LTR sequences are chosen to minimize the size of the target to be
amplified. A primer facing outward from the 5’ LTR will necessarily face
inward to a 3’ LTR of a neighboring LTR-RT, because the LTRs are
direct repeats. The long sequences of LTR may also interfere with the
production of amplicons within the size range of standard PCR. The
conservative regions of LTR sequences are also used for designing
inverted primers for Long-PCR, which can be used for cloning entire RTs
and also for IRAP, REMAP and SSAP techniques.

IRAP primers are designed for using single or double primers

In REMAP, one primer is designed from the LTR and another from a
nearby simple sequence repeats (microsatellites, syn.: SSRs). RBIP can
detect both the presence and absence of the RT insertion using three
primers to generate single-locus codominant markers. In SSAP, two
primers are designed to produce amplification between RTs and
adaptors ligated to a restriction site (usually Msel or Pstl). In IPBS,
primers are designed to match and amplify the conserved regions of the
primer binding sequences (PBS). One or two primers can be used
depending on the desired output of the experiments.

Retrotransposon-Based Insertion Polymorphism (RBIP)

RBIP (Flavell et al., 1998) detects retrotransposon insertions using a
primer flanking the insertion site of the genome and another primer
binding to the retrotransposon (Figure 2).

The basic RBIP was developed for high-throughput applications by
replacing gel electrophoresis with hybridization to a filter, and was
developed by studying the PDR1 retrotransposon in Pisum sativum
(Flavell et al., 1998). One of the disadvantages of this method is that it is
more expensive and technically demanding compared to other methods.
The method also allows the dot blot approach to be scaled down to
microarrays with the attendant advantages in throughput using sensitive
oligo-based hybridization to spotted PCR products (Flavell et al., 1998).
RBIP requires information on the sequences of the 5 and 3 flanking



95

regions of the retrotransposon insertions. One limitation of RBIP is due
to size range of standard PCR (about 3-5 Kbp).

S'LTR FLTR
— - + p-—
e ———— q L3 ! us, ! Internal Domain |ml‘3 vs | o ——
Flanking region Flanking region
— >
e LTR Retrotransposon T —
)
|
=== ————
RBIP products RBIP products
with RE insertion with RE insertion
— +—
(b) - —
Flanking region Flanking region
RBIP products

with no RE insertion

Fig. 2: RBIP (Retrotransposon-Based Insertion Polymorphism; Flavell et
al., 1998) detects the presence (a) or absence (b) of retrotransposons in
the host genome. Amplification takes place between retrotransposons
(83 or 5° LTRs) and proximal flanking region of the genome. The
alternative reaction takes place between the primers from the left and
right flanks, which is inhibited in the full (RT-occupied) site by the length
of retrotransposon, and able to amplify the shorter, empty (RT-
unoccupied) site. (Primers are indicated as color arrows) (Alzohairy et
al., 2014b).

By using three primers, RBIP can detect both the presence and
absence of the TE insertion and generates single-locus codominant
markers. RBIP can also generate a dominant marker when only two
flanking primers are used (Ribaut and Hoisington, 1998). When RBIP
detects the occupied and unoccupied RT sites together, the products
blotted onto membrane are probed with a locus-specific probe. Empty
sites are usually scored by amplification between the left and right flanks
of the presumptive integration site with primers specific to both flanking
regions. This method can detect genomic polymorphisms by using
standard agarose gel electrophoresis, or by hybridization, which is more
useful for automated and high throughput analysis. RBIP was
successfully used to generate molecular barcodes to examine the
evolutionary history among Pisum species (Vershinin et al., 2003; Jing et
al., 2005).
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Retrotransposon-Microsatellite Amplified Polymorphism (REMAP)

REMAP (Kalendar et al., 1999) combines primers (Figure 3) to RTs and
locus-specific simple sequence repeats (SSRs) of the genome (Kalendar
and Schulman, 2006; Mansour, 2008; Kalendar, 2011). This technique is
applicable when SSR locates near the retrotransposons (Tsumura et al.,
1996; Mansour, 2008; Kalendar, 2011). Amplification between
retrotransposon and a nearby SSR requires neither digestion with
restriction enzymes nor adaptor ligation to generate the marker bands.
This protocol can be completed in 1-2 days (Kalendar and Schulman,
2006; Mansour, 2008, Kalendar, 2011) and has been used to measure
diversity, similarity and cladistic relationships in many genotypes of
Oryza sativa (Branco et al., 2007), rice pathogens (Magnaporthe grisea)
(Chadha and Gopalakrishna, 2005), Spartina sp. (Baumel et al., 2002)
and Avena sativa (Tanhuanpaa et al., 2007).
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— 5 4

—_— —
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e L—
e_ f—— |
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Fig. 3: REMAP (REtrotransposon-Microsatellite Amplified Polymorphism;
Kalendar et al., 1999) amplifies genomic DNA stretches between LTRs
of the LTR-RT and a nearby microsatellite (vertical bars). (Primers are
indicated as color arrows) (Alzohairy et al., 2014b).

Sequence-Specific Amplified Polymorphism (SSAP)

SSAP (Waugh et al.,, 1997) analysis (Figure 4) was one of the first
retrotransposon-based barcoding methods relying on AFLP (amplified
fragment length polymorphism) (Vos et al., 1995). SSAP utilized the
BARE-1 LTR-RT for molecular barcoding (Waugh et al., 1997) using one
primer matching the end of an RT (e.g., 3’ LTR) and the other matching
an AFLP-like restriction site (usually Msel or Pstl) adaptor. Primer pairs
contains two or three selective nucleotides of Msel or Pstl (or any
restriction enzyme) adaptor primers and one nt selective nucleotide of
either *P- or fluorescently-labeled retrotransposon-specific primers (Ellis
et al.,, 1998).

SSAP primers are often designed to the LTR region, but could also
match to an internal sequence of the RT, like the polypurine tract (PPT),
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which is found internal to the 3'-LTR of retrotransposons (Ellis et al., 1998).
Non-selective primers could also be used when restriction enzymes have
a long recognition site sequence, or when the copy number of the RTs is
low. The number of selected bases may be increased in the case of high-
copy-number families. The use of single or double enzyme digestions (or
infrequent cutting enzymes) allows the survey of all insertion sites for a
given RT, and can be considered as a variant of anchored PCR. The
quality of SSAP pattern depends on the SSAP primers used. Primers
that give highly polymorphic, clear, and reproducible SSAP banding
patterns are candidate primers for subsequent work. Amplified fragments
are commonly separated on 6% polyacrylamide sequencing gels and
visualized by autoradiograph.

Restriction Restriction
site adapt(n S’LTR 3’LTR site adaptor

42]: T [QUSCF:Q:
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—

— S
=SS

SSAP products SSAP products

Fig. 4: SSAP (Sequence-Specific Amplified Polymorphism; Waugh et al.,
1997) amplifies sequence region between the retrotransposon and a
restriction site anchored by an adaptor. Primers (color arrows) used for
amplification match the adaptor (broken box) and the retrotransposon (in
the LTR box, e.g., U3', R, and U5'). (Alzohairy et al., 2014b).

SSAP usually displays a higher level of polymorphism as compared to
AFLP (Ellis et al., 1998; Nagy et al., 2006; Syed et al., 2006; Venturi et
al., 2006), and has been extensively used in Hordeum vulgare (Leigh et
al., 2003), Triticum spp. (Queen et al., 2004), Aegilops spp. (Nagy et al.,
2006), Avena sativa (Yu and Wise, 2000), Malus domestica (Venturi et
al., 2006), Cynara cardunculus (Lanteri et al., 2006), Lactuca sativa
(Syed et al., 2006), Pisum sativum and other Fabaceae (Ellis et al.,
1998; Jing et al., 2005), Capsicum annuum and Solanum lycopersicum
(Tam et al., 2005) and Ipomoea batatas (Tahara et al., 2004).

SSAP was also used for cladistic molecular barcodes to resolve
evolutionary history in Nicotiana (Petit et al., 2007), Vicia (Sanz et al.,
2007), Oryza (Gao et al., 2004), Triticum (Queen et al., 2004) and Zea
(Garcia-Martinez and Martinez-lzquierdo, 2003).
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Inter-Retrotransposons Amplified Polymorphisms (IRAP)

There are many techniques that are based on inter-repeat amplification
polymorphism such as REMAP (Kalendar et al., 1999 ; Kalendar and
Schulman, 2006), inter-MITE amplification, and IRAP (Kalendar et al.,
1999) (Figure 5). IRAP is based on the fact that retrotransposons
generally cluster together in ‘repeat seas’ surrounding ‘genome islands’,
and may be nested within each other (Kalendar et al., 1999; Mansour,
2008). By this way, IRAP detects insertional polymorphisms of
retrotransposons by amplifying the DNA sequences of two neighboring
retroelements such as LTR-RTs and SINE-like sequences (Kalendar et
al., 1999).

SLIR__, S'LTR

Internal Domain ,cUs | R [1'3 o [—— 13 [ R | Us A Tnternal Domain
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LTR Retrotransposon LTR Retrotransposon

IRAP products

Fig. 5: IRAP (Inter-Retrotransposons Amplified Polymorphisms;
Kalendar et al., 1999) amplifies genomic DNA stretches between
abundant dispersed repeats, such as the LTRs of two LTR-RTs. The
primers (color arrows) point outwards from the LTRs of LTR-RTs to
amplify region between two LTR-RTs (Alzohairy et al., 2014b).

IRAP does not require restriction enzyme digestion or ligation
(Kalendar and Schulman, 2006; Mansour, 2008; Kalendar, 2011).
Different retrotransposon insertions increase the number of sites
amplified and sizes of inter-RT fragments, which can be used as marker
to detect genotype polymorphism.

One or two PCR primers can be used for IRAP. The primers should
be pointing outwards from the LTRs of RT to amplify the region between
two RTs (Kalendar, 2011). The two primers could be designed to either
the same or different RT families. IRAP can be also carried out with a
single primer, which matches either the 5 or 3’ end of the LTR but
oriented away from the LTR itself. The copy number of RTs, size and
insertion pattern can affect the complexity of the fingerprinting pattern
(Mansour, 2008; Mansour et al., 2010). The pattern obtained with two
primers does not likely represent simply the sum of the products
obtained with each primer individually. In the case of retrotransposons
dispersed within the genome, IRAP produces too many fragments to
give good resolution on gels, or no products because target amplification
sites are too far apart to generate amplicons. Yet, IRAP overcomes
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some of the drawbacks of other techniques. Unlike SSAP, IRAP does
not require either radioactivity or fluorescent labeling of primers. The
method was used widely for BARE-1 RT of the Hordeum vulgare
genome to measure diversity of genotypes (Kalendar et al., 1999;
Manninen et al., 2000, 2006). IRAP was also used for barcoding of
genotypes of Oryza sativa (Branco et al., 2007), Musa (Ashalatha et al.,
2005; Teo et al., 2005), Brassica (Tatout et al., 1999), Spartina (Baumel
et al., 2002), Triticum (Boyko et al., 2002) and Solanum (Mansour et al.,
2010).

Inter Primer Binding Sequence (IPBS)

IPBS method (Kalendar et al., 2010) is frequently used for displaying
retrotransposon polymorphisms (Figure 6). The need for sequence
information to design IPBS primers is the case in all RT-based molecular
barcoding techniques. IPBS tends to overcome this problem (Kalendar et
al., 2010) as the primer binding sequence (PBS) is part of the internal
domain of retrotransposons. IPBS utilizes the highly conserved regions
of PBS site for tRNAs (Kalendar et al.,, 2010). While the process of
reverse transcription is conserved among all retroviruses, the specific
tRNA capture varies for different retroviruses and retrotransposons.
Thus, the IPBS amplification method can be useful for all retroviruses
that contain conservative PBS sites for tRNAIM, tRNA™S, tRNAP™,
tRNA™, tRNA™" tRNAS®, tRNA™, tRNA™™ tRNA"" or tRNA®"
(Kalendar et al.,, 2010). As in plant species RTs are nested, mixed,
inverted or truncated in the geneome, RTs can be easily amplified using
conservative PBS primers. PCR amplification occurs between two
nested PBSs of two neighboring LTR-RTs (Figure 6).
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Fig. 6: IPBS (Inter Primer Binding Sequence; Kalendar et al., 2010)
method utilizes the conserved sequence of PBS of LTR-RTs for
screening retrotranspososns. Sequences shown are conserved regions
of PBS used for primer (color arrows) design (Alzohairy et al., 2014b).
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PBS sequences can also be wused for detecting other
retrotransposons when the retrotransposon density is high within the
genome (Kalendar, 2011). Retrotransposon movements and
recombinations can also be monitored because new inserts or
recombinations will be polymorphic, which will appear only in plant lines
in which the insertions or recombinations have taken place.

In conclusion, several retrotransposon-based molecular barcoding
systems were developed based on PCR amplifications between
sequences of RTs and the flanking DNA of the host genome (Kalendar
and Schulman, 2006). These marker systems were found to be highly
effective tools for tracking transpositions and diversities of RTs, and
determining phylogenetic relationships of plant taxa (Hamdi et al., 1999;
Shedlock and Okada, 2000). Many reports also suggest that the
differences in genome size observed in the plant kingdom are related to
variations of RTs activity and consequently their content, which suggests
that RTs play important roles in the evolution of genome sizes (Vitte and
Panaud, 2005; Alzohairy et al., 2012; 2013; 2014a,b). Other studies
used LTR-RT barcoding detected the effects of environmental stresses
on the re-activation of retrotransposons and hence their genetic diversity
(reviewed in Alzohairy et al., 2014a). Many applications were also
reported for study of phylogeny, genetic diversity and the functional
analyses of genes using LTR-RT based barcoding (Waugh et al., 1997;
Flavell et al., 1998; Kalendar and Schulman, 2006; Mansour, 2008; Roos
et al., 2004).
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7 Isoenzymes as Molecular
Markers

G. Jahnke

Introduction

Molecular markers are biomolecules i.e. proteins or DNAs which varies
among the different individuals of a population. The molecular markers
generally have no apparent effect on phenotypes, but they can be
detected by different molecular methods, and are used for different
purposes in genetics and breeding (Figure 1). Isoenzymes or isozymes
are enzymes that differs in electrophoretic feature (multiple forms), but
catalyse the same biochemical reaction. The different electrophoretic
attribute can be traced back to different amino acid sequence (primary
structure), which causes different size, shape and/or charge. Different
amino acid sequences in an enzyme cannot cause different
electrophoretic feature in all the time. In other words, isoenzymes are
different, but do the same work. The term “isozyme” was introduced by
Market and Moller in 1959 to describe different molecular forms of
enzymes with the same substrate specificity. The differences in primary
structure can cause differences in secondary and tertiary structure of
protein influence the size, shape and charge of it. In most of the cases
such information are not available, but electrophoretic analyses can
distinguish, and genetic analyses can presume the genetic origin
(Hajosné Novak, 1999).
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Fig. 1: The different types of molecular markers.

Salient features of isoenzymes

Developmental stage specificity: |soenzymes are developmental
stage specific, as from the same organism and tissue, different
isoenzymes can be find in different developmental stages. For
example differences in isozyme expression based on stage of
development were detected in phosphoglucomutase (PGM) and 6-
phosphogluconate dehydrogenase (PGD) systems in peach (Prunus
persica) seeds (Figure 2) during stratification (Mowrey and Werner,
1990).

Tissue specificity: In the different tissues in an organism, different
isoenzymes can present at the same time. For example in tobacco
(Nicotiana tabacum) leaf, root, pith, and callus tissues express
different peroxidise iscenzymes. Root tissue expresses all of the
detectable isozymes, whereas each of the other tissues examined
expressed a different subset of these isozymes (Lagrimini and
Rothstein, 1987).
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Fig. 2: Diagrammatic representation of banding patterns observed for
phosphoglucomutase (PGM) and 6-phosphogluconate dehydrogenase
(PGD) in dry (1) and imbibed seed (2); seed after 1 week (3), 1.5 months
(4), 2.5 months (5), and 3 months (6) of stratification; cotyledon tissue (7)
from 1-month-old seedling; leaf tissue of I-month- (8) and 3-month-old (9)
seedlings; and leaf tissue of adult plant (10). Numbers in parentheses
refer to lane numbers (Mowrey and Werner, 1990)

Cultivar specificity: From the different cultivars or varieties of on
species, different isoenzymes can express. This can ensure cultivar
identification in cultivated plants with high isoenzyme polymorphism
such as grape (Vitis vinifera).

Origin, structure and groups of isoenzymes

o Multilocus isoenzymes: Multiple forms of an enzyme can be
coded by different genes (loci). During the evolution, these multiple
loci can be formed by gene duplication, which can be caused by
unequal crossing-over (Figure 3.). The other possible way of
evolution to generate multilocus isoenzymes is, that the mutation of
originally different genes eventuate similar catalytic functions.

o Allelic isoenzymes (allozymes): The allelic isoenzymes or
allozymes are coded by one locus. Different mutation effects in the
affected locus could cause different alleles of isoenzymes during
the evolution.
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o Secondary isoenzymes: The secondary isoenzymes are coded
by the same allele of the same locus, enzymes are modified during
the translation. They can play important role in gene regulation.

Fig. 3: Result of unequal crossing-over (increase in gene copies), a4, az,
as, a4 homolog sequences. (Hajoésné Novak, 1999)

Isoenzymes can be separated based on their different electrophoretic
features- by gel electrophoresis and isoelectric focusing; and identify
based on their same (or similar) catalytic features, and by special
histochemical staining protocols. All of the isoenzymes show a unique
pattern in the gel called as zymogram (Figure 4). The interpretation of
isozyme zymograms is shown Figure 5.

Fig. 4: Zymograms of cathecol
oxidase isoenzymes of 7
grapevine (Vitis vinifera) cultivars
in polyacrylamide gels.
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Fig. 5: Genetic interpretations of electrophoretic variations. (Shields et
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Gel electrophoresis: Gel electrophoresis is a method for separation
and analysis of macromolecules (DNA, RNA and proteins) and their
fragments, based on their size and charge. The separation power is
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the difference between the voltages of the two ends of the gel.
Movements of proteins in the electric field are effected by their size,
shape and charge. It is important to keep activity of the enzymes
during the electrophoresis, which is sometimes difficult and needs
optimisation. In isoenzyme analyses horizontal (starch) or vertical
(polyakrylamide) gel electrophoresis are used. Advantages of starch
gel electrophoreses are: easier preparing procedure, both of positive
and negative migration of the samples are possible, as the samples
starts from the middle of the gel (Figure 6). Different enzymes can be
analysed in one time, because the gel can be cut into thin slices after
electrophoresis. Disadvantage is the lower resolution, compared by
polyacrylamide gel electrophoresis.

Power source Gel slab Sample wells in gel Cloth wick

Fig. 6: Apparatus setup starch gel electrophoresis (Source:
http://www.cas.miamioh.edu/~wilsonkg/old/gene2005/gene/mendexceptn
s/f4p3.jpg)

Sample
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Cathode | — |
éi Buffer

Stacking—_ 'ﬂ. LI T i i i W

gel =

| | | Plastic
Running — | L frame
gel

Anode | + "

Fig. 7: Schematic view of polyacrylamide gel electrophoresis (Source:
http://www.siumed.edu/~bbartholomew/course _material/protein_method
s.htm)
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Acrylamide is a synthetic hydrophilic material, which polymerase
into gel in the presence of bisacrylamide and free radicals. This gel
has a homogenous structure; therefore the resolution of the gel is
high. Disadvantages of polyacrylamide gel electrophoresis are that
the chemicals and the gels are toxic and/or carcinogen and proteins
can migrate only in one direction (Figure 7). To precisely identify
isoenzyme variants, one can calculate the relative mobility (Rf value)
of an isoenzyme band as the movement of the band through a gel
relative to the dye front (Figure 8).

- - Top of gel
Migration 4.1
of band
P Protein band " A"
Relative mobility =
Migration distance of band
Migration + Migration distance of dye
of dyefront o front
. Dye front (stained
h 4

@ __ unresolved proteins)
— Bottom of gel

Fig. 8: Calculation of relative mobility. (Source:
http://www.ruf.rice.edu/~bioslabs/studies/sds-page/rf.html)

Isoelectric focusing: Isoelectric focusing (IEF) is an electrophoretic
technique for the separation of proteins based on their isoelectric
point (pl or IEP). The pl is the pH at which a protein has no net charge
and thus, does not migrate further in an electric field (Figure 9).

The separation of proteins during isoelectric focusing is
supervened in a gel, where a pH gradient was formed before
electrophoresis. The pH gradient can be formed by adding an
ampholyte solution into the gel mixture before polymerisation. It needs
practice and exactitude. IEF gels are made of acrylamide or agarose.
The most important advantage of isoelectric focusing is that it can
identify isoenzyme variants by their pl value, which is more precise
method than the calculation of Rf values in the case of standard gel
electrophoresis techniques.
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Histochemical staining: Isoenzymes as proteins are separable by
electrophoresis and are detectable as enzymes by enzyme specific
staining. The basis of the staining protocols is the catalytic activity of
isoenzymes: they make specific product(s) from specific substrate(s)

(Vallejos, 1983).

o The tetrazolium system: This is a very widespread staining

protocol;

which can stain enzymes as for example: 6-

phosphogluconate dehydrogenase or phosphoglucomutase by

this system. This syste

Substrate

NAD(P)*

PMS (oxidized)

RiI—nN=N

| >R,

R;—N-N

Terazolium Sal

m is based on this reaction chain:

Product

NAD(P)H + H

PMS (reduced )

Ri—N=N—C(Ry)==N—NH—Rs

Formazan Dye
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s The diazonium system: Enzymes as for example acid
phophatase, esterases can be stained by the diazonium system.
During the reaction catalysed by the enzyme, aryl-alcohol is
produced. The aryl-alcohol react with diazonium salt, producing

azo dye:
R—N=N" H@()H == R—N= N@()H
Diazonium Salt  Aryl-Alcohol Azo Dye

+ The redox system: During the reduction of the substrate, the
3,3',5,5-tetramethylbenzidine (TMBZ) oxidise to 3,3'5,5-
tetramethylbenzidine diimine, which is an insoluble dye.

NH2
_ -2H
HsC HsC
2 c:H3 - / CH;
T

Application of isoenzyme analyses in genetics and plant breeding

Isoenzyme analyses in grapevine (Vitis vinifera) genetics: A
special isoenzyme zymogram is characteristic for the Vitis vinifera
proles pontica cultivars. The genetic diversity of Hungarian grapevine
cultivars with ioenzyme markers were investigated by Jahnke et al.
{2009). The isoenzyme patterns of 4 enzyme systems (catechol-
oxidase, glutamate- oxalacetate-transaminase, acid phosphatase and
peroxidase) of 48 grapevine (Vitis vinifera) varieties were analysed.
The results with CO, GOT, AcP and PER enzymes were reproducible
and the =zymograms obtained from the woody stems were
independent from the time of sampling during the dormant period of
the grape (Figure 10). Based on the isoenzyme patterns of these 4
enzymes most of the investigated varieties (40/48) were identified.
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Fig. 10: Characteristic interpretative zymograms observed for CO, GOT,
AcP and PER enzymes. The letters mark the different types of
isoenzyme patterns, while numbers refer to the number of different
isoenzyme bands (Jahnke et al., 2009.)

The ampelographical (morphological) characters used so far to
describe Vitis vinifera cultivars significantly vary with different
environmental conditions. Negrul (1968) divided the Vitis vinifera
cultivars to so-called proleses (ecogeographical groups) based on
stabile morphological features, and geographical spread. A total of
three proleses were recognised: proles orientalis, proles occidentalis
and proles pontica. A correlation was found between the isoenzyme
patterns and the classification to proles of the varieties. It was
established, that while the varieties of the proles pontica differed from
those of the proles orientalis and occidentalis, the two latter groups
could have not been differentiated from each other. This results
support the presence of ecogeographical groups (Figure 11).

Acid phosphatase-l isoenzyme as molecular marker for MAS in
nematode resistance breeding of tomato (Lycopersicon
esculentum): Meloidogyne incognita is a nematode (roundworm) in
the family Heteroderidae. It is commonly called the "southern root-
knot nematode" or the "cotton root-knot nematode”. This parasitic
roundworm has worldwide distribution and numerous hosts. It is an
important plant parasite classified in parasitology as a root-knot
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nematode, as it prefers to attack the root of its host plant. When M.
incognita attacks the roots of plants, it sets up a feeding location,
where it deferms the normal root cells and establishes giant cells. The
roots become gnarled or nodulated, forming galls, hence the term
"root-knot" nematode. M. incognita is a serious pest of tomato
(Lycopersicon esculentum) as well (Figure 12).

Fig. 11: Iscenzyme gel photo for AcP.

Fig. 12: Healthy tomato (left) and root knot (right) (Source:
http://www .forestryimages.org/browse/detail.cfm?imgnum=1570801)
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Fig. 13: Aps-1 zymograms' of resistant (R) and suscéptible (S) tomato

plants

Nine resistant processing tomato (Lycopersicon esculentum)
cultivars and advanced lines were compared with four susceptible
cultivars in 1,3-dichloropropene-fumigated and nontreated plots on
Meloidogyne incognita-infested sites over 3 vyears. Yield of all
resistant genotypes grown in non treated and nematicide-treated plots
did not differ and was greater than yield of susceptible genotypes. M.
incognita initial soil population densities caused 39.3-56.5% yield
suppressions of susceptible genotypes. Nematode injury to
susceptible plants usually caused both fruit soluble solids content and
pH to increase significantly. Only trace nematode reproduction
occurred on resistant genotypes in nontreated plots, whereas large
population density increases occurred on susceptible genotypes.

The use of MAS (Marker Assisted Selection) in tomato breeding
begin in 1974, Rick and Fobes (1974) found the “Mi” —a dominant
resistance gene against the cotton root-knot nematode (Meloidogyne
incognita) close linked to the isoenzyme gene Aps-1. This enzyme in
tomato is a dimer of 2 subunits, therefore the zymograms of
heterozygotes show three bands — one each in the parental positions,
and a band in the intermediate position (Figure 13). The segregation
showed that either very close linkage between Aps-1 and Mi or
pleiotropy is involved. This isozyme marker still is being used in
tomato breeding for selecting for nematode resistance.
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Applications of
Plant DNA Barcoding

M.A. Ali, G. Gyulai, A.K. Pandey, A. Arshi and
S.K. Pandey

Introduction

The plant DNA barcoding offers taxonomists the opportunity to greatly
expand, and eventually complete, a global inventory of life’s diversity.
DNA barcoding is of great utility to users of taxonomy. It provides more
rapid progress then the traditional taxonomic work (Gregory, 2005). The
plant DNA barcoding allows taxonomists to rapidly sort specimens by
highlighting divergent taxa that may represent new species. The
advocates of DNA barcoding says that it have revitalize biological
collections and speed up species identification and inventories (Gregory,
2005; Schindel and Miller, 2005); however the opponents argue that it
will destroy traditional systematics and turn it into a service industry
(Ebach and Holdrege, 2005; Seberg et al., 2003). Once fully developed,
DNA barcoding will have the potential to completely revolutionize our
knowledge of diversity of living organisms and our relationship to nature.
By harnessing technological advances in electronics and genetics, DNA
barcoding will help many people quickly and cheaply recognize known
species and retrieve information about them, and will speed discovery of
thousands of species yet to be named.
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Initiating plant DNA barcoding studies

The DNA sequence data and plant DNA barcoding are well on the way
to being accepted as the global standard for species identification;
however, such development is still limited in use. With the rich biological
resources in many developing countries and many excellent taxonomists
who are intimately familiar with the regional flora and interesting
systematic questions, more plant DNA barcoding and molecular
systematic studies by colleagues from developing countries should
advance our understanding of the tree of life at the global scale and offer
opportunities to address many new evolutionary questions as well (Al
and Choudhary, 2011). Plant DNA barcoding and molecular systematic
research requires more equipment for data collection and analysis. It is
technically more expensive than the classical, morphological and
anatomical studies, but perhaps affordable. There is need to harness the
mountains of DNA data being generated in modern laboratories and also
to use the data from deep morphology in systematic (Wen and Pandey,
2005). DNA barcodes are likely to play a major role in the future of
taxonomy. The build-up of DNA databases has great potential for the
identification and classification of organisms and for supporting
ecological and biodiversity research programs (Tautz et al., 2003). As a
uniform, practical method for species identification, it appears to have
broad scientific applications. DNA-based identification of species offers
enormous potential for the biological scientific community, educators,
and the interested general public. It will help open the treasury of
biological knowledge and increase community interest in conservation
biology and understanding of evolution.

Barcoding of life

The reported success of using the barcoding region in distinguishing
species from a range of taxa and to reveal cryptic species is remarkable.
However, it is known that species identification based on a single DNA
sequence will always produce some erroneous results. Efforts should
therefore be made to develop nuclear barcodes to complement the
barcoding region currently in use. As the advantages and limitations of
barcoding become apparent, it is clear that taxonomic approaches
integrating DNA sequencing, morphology and ecological studies will
achieve maximum efficiency at species identification
(Dasmahapatra and Mallet, 2006). The urgency of creating tissue banks
has been well recognized (Savolainen and Reeves, 2004; Lorenz et al.,
2005), and solutions for linking DNA samples with taxonomic vouchers
are being developed for all sorts of organisms. Barcoding of life will have



123

to be both integrative and integrated with other taxonomic initiatives such
as the Global Taxonomic Initiative of the Convention on Biological
Diversity (www.biodiv.org), and the Global Biodiversity Information
Facility (www.gbif.org). Finally, by barcoding of life, ‘Life Barcoders’ will
identify species linked via the World Wide Web to other kinds of
biodiversity data such as images, usage and conservation status. The
direct benefits of DNA barcoding is to make the outputs of systematics
available to a large number of end-users by providing standardized and
high-tech identification tools, e.g. for biomedicine (parasites and
vectors), agriculture (pests), environmental assays and customs (trade in
endangered species).

Future perspectives of DNA barcoding

The future perspective of DNA barcoding will be to provide a bio-literacy
tool for the general public and it will also help in opening to the treasury
of biological knowledge, which is currently underused partly because of
the weak taxonomic expertise for species identification. DNA barcoding
will also relieve the enormous burden of identifications of taxonomists, so
they can focus on more pertinent to discovering and describing the new
species. The most important aspect of DNA barcoding is that it will
facilitate basic biodiversity inventories (Savolainen et al., 2005; Lahaye
et al., 2008). DNA barcoding can be likened to aerial photography, in that
it provides an efficient method for mapping the extant species, though in
sample space rather than physical space. The “aerial map” of DNA
barcodes will help investigators explore the biological world and make
full use of the enormous knowledge that has been built on 250 years of
classical taxonomy. As sequencing costs decrease, DNA-based species
identification will become available to an increasingly wide scientific
community. When costs are low enough, researchers, teachers and
naturalists will be able to use DNA barcoding in depth for examination of
local ecosystems. As DNA barcodes are applicable to all life stages, it is
also useful in cases where e.g. larval stages are difficult to identify with
traditional methods of butterflies (Janzen et al., 2005) or amphibians
(Vences et al., 2005), and insects in which several casts have different
‘unrelated’ morphologies (Smith et al., 2005). However, DNA barcoding
is applied only in conjunction with classical approaches based on
morphology.

The main reasons of DNA barcoding is works with fragments, works
for all stages of life, unmasks look-alikes, reduces ambiguity, makes
expertise go further, democratizes access, opens the way for an
electronic handheld field guide, the life barcoder, sprouts new leaves on
the tree of life, demonstrates value of collections, speeds writing the
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encyclopedia of life.  Barcoding links biological identification to
advancing frontiers in DNA sequencing, miniaturization in electronics,
and computerized information storage. Integrating those links will lead to
portable desktop devices and ultimately to hand-held barcoders. A
handheld barcoder, such as the one envisioned here, would have many
uses. Promoting technology development of portable devices for field
use will be a major goal of this initiative
(http://barcoding.si.edu/PDF/TenReasonsBarcoding.pdf).

Authentication of raw herbal material

A common problem with raw drug trade has been the admixtures with
morphologically allied and geographically co-occurring species (Nair et
al.,, 1983; Bisset, 1984; Sunita, 1992; Khatoon et al., 2006; Mitra and
Kannan, 2007). Over 80% of the medicinal plants for raw drug trade are
predominantly collected from the wild by local farmers or collectors, who
often rely only on their experience in identifying the species being
collected. Services of specialists like taxonomists are rarely availed for
authentication. Thus, it is not uncommon to find admixtures of
related/allied species and infrequently also for unrelated genera. Among
the reasons attributed for species admixtures are the apparent confusion
in vernacular names between indigenous systems of medicine and local
dialects, non availability of authentic plant, similarity in morphological
features, etc. The possibility of admixtures is particularly high when the
species in question co-occurs with morphologically similar species.
Frequently, admixtures could also be deliberate due to adulteration
(Mitra and Kannan, 2007). The consequences of species admixtures can
range from reducing the efficacy of the drug to lowering the trade value
(Wieniawski, 2001; Song et al., 2009). Efforts have been made to
accurately identify medicinal plants (Jayasinghe et al., 2009). Besides
conventional methods including examination of wood anatomy and
morpho-taxonomical keys, several-DNA-based methods have been
developed to resolve these problems (Sucher and Carles, 2008). With
the advent of DNA barcode tools, attempts are being made to use
several candidate barcode regions to identify species (Ali et al., 2014).
Since, the adulteration of herbal material in its trading is a common
problem; therefore, authentication of raw herbal material is one of the
most important requirements needed by the pharmaceutical companies
for quality control of the drug obtained from the medicinal plants. There
are variety of methods which are based on morphological, biochemical
or histological characteristics employed for the accurate identification of
medicinal plants in order to ensure the purity, quality and safety of the
drugs, but the results obtained from these method are not always
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reproducible because these characteristic changes under different
environmental conditions; however, in contrast to aforesaid methods, the
DNA-based methods for authentication of medicinal plants are
considered to be more reliable for fresh as well as dried samples
particularly for those medicinal plants in which variation within species
and the divergence among species is difficult to understand. For
example, identification of species of Panax is one of the challenges due
to occurrence of high level of morphological variation within the genus as
well as even within the population; hence, the adulteration is common in
raw material trading of ginseng which ultimately reduces the efficacy of
the drug obtained from it. There is also a reliable and practical method
for species identification of Panax is lacking. Various techniques are in
use or have been tried for the purpose of identification of Panax species
such as metabolic chemicals profiling resolved by high performance
liquid chromatography (Chan et al., 2000), molecular markers such as
random amplified polymorphic DNA (RAPD) and microsatellite markers
(Ngan et al., 1999; Hon et al., 2003), peptide nucleic acid microarray
(Lee et al., 2010), pyrosequencing (Leem, et al., 2005); however, the
techniques used so far have suffered from low efficiency, reproducibility
and reliability. Species identification based on DNA sequences is a
method of high efficiency, reproducibility and reliability. The screening for
candidate DNA barcoding loci in Panax demonstrated that the
combination of psbA-trnH and ITS is suitable for its identification (Zuo et
al., 2011). Similarly, ITS, trnH-psbA, rbcL, matK and trnL—trnF gene
sequences have successfully been used for DNA barcoding of several
plant species (Table 1), though, the success rates of psbA-trnH remain
much lower at the species level (Chen et al., 2010).

Moreover, a total of 17 barcode regions (matK, rbcL, ITS, ITS2, psbA-
trnH, atpF-atpH, ycf5, psbK-I, psbM trnD, rps16, coxl, nad1, trnL-F, rpoB,
rpoC1, atpF-atpH, rps16) of medicinal plants were reported to aid in the
authentication and identification of medicinal plant materials. Besides
using known genomic regions, other PCR-based methods have been
applied to develop markers that help with the authentication and
identification of medicinal plant material: RAPD, RFLP, microsatellites,
ISSRs, SNPs, and ARMS. SCAR markers have been developed from
RAPD, ISSR and a variety of genomic regions (Techen et al., 2014). In
addition with the above, Chen et al. (2010) tested the discrimination
ability of ITS2 in more than 6600 plant samples belonging to 4800
species from 753 distinct genera (see the link for reference:
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:
doi/10.1371/journal.pone.0008613.s008) and found that the rate of
successful identification with the ITS2 was 92.7% at the species level.
Yao et al. (2010) also evaluated 50,790 plants and 12,221 animal-
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-ITS2 sequences downloaded from GenBank, and propose that the ITS2
locus should be used as a universal DNA barcode for identifying plant
species and as a complementary locus for CO1 to identify animal
species.

Plant DNA barcoding and conservation of biodiversity

Molecular markers are increasingly used for screening of germplasm to
study genetic diversity, identify redundancies in the collections (Rao,
2004). Sustainable utilization of plant genetic resources is essential to
meet the demand for future food and health security. Despite the
tradition of systematic biology as the science of diversity, systematics
has until recently contributed relatively little to the theory and practice of
conservation biology. The four areas in which systematics could
contribute to the conservation of rare plant species are: (i) species
concepts, (ii) the identification of lineages worthy of conservation, (iii) the
setting of conservation priorities, and (iv) the effects of hybridization on
the biology and conservation of rare species. Species concepts that
incorporate history and reflect phylogeny ultimately is more useful for
preserving biodiversity. Phylogenetic analyses involving conspecific
populations often reveal multiple lineages that may warrant protection as
evolutionarily distinct units. Phylogenetic information provides the tools
for inferring relationships among organisms and, in conjunction with
biogeography, for identifying those areas that harbour many actively
speciation groups. Hybridization may lead to the extinction of a rare
species, but in other cases, ironically, artificial hybridization with a more
widespread congener may be the only way to preserve the gene pool of
a rare species (Soltis and Gitzendanner, 1999).
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Thermocycling in
Systematics

A. Alam

Introduction

Polymerase Chain Reaction (PCR) is a technique of molecular biology to
amplify single/few copies of DNA fragment to million copies within hours
employing a simple enzymatic reaction that can serve as templates for
downstream applications. The PCR technique is one of most extensively
used methods for analysing DNA. Almost all reagents or parameters can
be changed to suit the need of an individual researcher. This unique
combination of flexibility with specificity has led to the advent of PCR as
a principal laboratory technology. The word “polymerase” is used
because the only enzyme used in this reaction is DNA polymerase. As
the products of the first reaction becomes the substrates for the
subsequent reaction, and hence the term “chain” and as it is the reaction
of various components ( DNA template, de-oxynucleotide triphosphates,
DNA Polymerase, Mg*™* ions and buffer solution) justifies the usage of
the word “reaction”.

Historical background
Although the process was first described by Kjell Kleppe and H.G.

Khorana in 1968, the concept of PCR was first discovered by an
American biochemist Dr. Kerry Mullis in 1983. Dr. Kerry Mullis was then
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working at Cetrus Corporation in Emeryville, CA and reported it in the
year 1985. Mullis got the idea of the PCR while driving during the night in
the Californian mountains. In 1993, Mullis was awarded the Nobel Prize
in Chemistry along with Michael Smith for his work on PCR, a basic
technique in biochemistry and molecular biology.

Thermocycles in PCR

Amplification of the specific DNA fragment occurs in three steps, viz.
denaturation, annealing and extension and each step is repeated for 35-
40 cycles (Figure 1). This is done in an automated thermal cycler. The
reaction mixture in tubes is heated and cooled in a very short time. The
PCR product increases exponentially as both strands are copied during
PCR. For instance, if PCR is initiated with one copy of gene, there will be
two copies, after two cycles there will be four copies and so on, and after
35 cycles there will be 2% copies (Figure 2).Too few cycles result in low
product yield while too many cycles give non-specific background
products.

Denaturation

Doubled stranded DNA is separated into single strands in the
denaturation steps to facilitate the annealing of primers. In the
denaturation process, the hydrogen bonds that connect the two DNA
strands are broken. This is done by heating to a temperature above the
melting temperature. Prior to the denaturation cycles, the DNA is often
initially denatured for an extended time, usually up to 5-10 minutes, to
ensure complete separation of both the template DNA and primers into
single strands. PCR works with denaturing temperature of 91-97°C
because when nucleic acids are heated in ionic strength lower than 150
mM NaCl, the melting temperature is usually less than 100°C. The
enzyme generally used in the PCR is Taq polymerase which has half-life
of 30 minutes at 95°C. This half-life cannot support more than 35-40
amplification cycles.

Primer annealing

After denaturation, the temperature is lowered during annealing step
(about 60 seconds) for the purpose of annealing with primers before the
single stranded template DNA binds themselves. Base composition,
length and concentration of the primers determine the temperature and
the time required for primer annealing, and is usually 5°C below the
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lowest melting temperature (T,,). Annealing temperature in the range of
55 to 65°C generally yield the best result.

Extension/Elongation

During the elongation step, the DNA polymerase copies the template
DNA. The nucleotides, complementary to template are added to the
primers on the 3' side of the primer from 5 to 3’ side direction of the
template. Duration of elongation is determined by length and nucleotide
composition of the DNA template and temperature. Elongation
temperature depends on the type of DNA polymerase used. The DNA
polymerases works well at 72°C and the rate of nucleotide addition at
this temperature varies from 35 to100 nucleotides per second which in
turn depends on the pH, salt concentration, nature of DNA template and
buffer of the PCR reaction mixture. As a thumb rule, 1 minute is
considered optimum for an extension of one Kb of DNA product.

Denararation o
Temperature is increased to sepacate 1 94-95°C
DNA smrands

. VT ——

Annealing of primers to <0
complementary DNA templates l gl

Extension by polymerase of primess
72°C l to form nascent DNA strands

Fig. 1: Image showing the different steps in Polymerase Chain Reaction
{PCR)

Chemical Components for PCR Reaction

The components for the PCR amplification are the DNA template, a
reverse and a forward primer, the thermostable DNA polymerase, four
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type of de-oxynucleotide triphosphates (dATP, dCTP, dGTP and dTTP)
and reaction buffer containing magnesium ion (pH 8.4).

Template DNA

Higher or lower quantity of DNA template gives poor amplification.
Hence, tiny amount of DNA template containing 100 to 10000 molecules
is considered sufficient in the PCR reaction mixture which is usually 60-
80 ng. No proportionate advantage in increasing the starting material to
1ug over 100 ng and ten-fold advantage to 100 ng over 100 ng was
observed in amplicon production.

De-oxynucleotide triphosphates (dNTPs)

The dNTPs are the building blocks of DNA which is linked to 3’ end of
the primer with the help of the thermostable DNA polymerase. Each de-
oxynucleotide triphosphates (dATP, dCTP, dGTP and dTTP) are used at
concentration of 200 uM (0.2mM). High concentration of dNTPs results
in mis-incorporations.

Primers

Two primers, each complementary to the specific target sequence called
“forward” and “reverse” primers are the most important components of
the PCR reaction. In DNA barcoding usually “Universal” primers are
used that target DNA sequences shared by any species containing
sequence of interest. The length of the primer ranges from 18 to 30
bases. Primers of greater length are found to result in non-specific
priming and mismatch pairing. The concentration ranging from 10 to 50
pmoles is generally used in a PCR reaction. Annealing of the primers to
the template DNA depends on melting temperature of primer (T,).

T = [(number of A+T residues) X 2] + (number of G+C residues) X 4] °C

Thermostable polymerase

Earlier thermo-labile polymerase was used in the PCR which required
the addition of enzymes during each cycle because at denaturation step,
polymerase activity is destroyed. Then the discovery of Taq polymerase
isolated from the bacterium (Thermus aquaticus) that inhabited hot
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springs actually revolutionized the PCR technology. This enzyme could
withstand high temperatures. However, a recombinant Taq, a cloned
version of the enzyme is the most widely used in almost all PCR. Taq is
able to resist temperatures above 90°C. It has a half-life of about 40 min
at 95°C. Taq DNA polymerase result in PCR product with ‘A’ overhangs
which is exploited to produce TA cloning and TOPO cloning. Major
drawback with Taq polymarse is its low fidelity that does not have 3’ to 5’
exonuclease proofreading activity. Because of this, it cannot remove the
incorrect added nucleotides. Another thermostable polymerase known as
pfu posses superior thermostability and proofreading activity compared
to other thermostable polymerases. As a result, the PCR products
generated by pfu polymerase are blunt ended with fewer
misincorportaed nucleotides. The concentration of Taqg DNA polymerase
varies from 1 to 2.5 units per 100 pl of the reaction mixture.

PCR buffer

The reaction buffer contains KCL, Tris HCI (pH 8.4), MgCl,. Mg®* serves
as essential co-factor for all Type Il enzymes including restriction
endonucleases and polymerases. It form soluble complex with dNTPs
which is essential for dNTP incorporation. Mg* also stimulates
polymerase activity and enhances the melting temperature of the
primer/template interaction, thereby stabilizing the duplex interaction.
When 200 uM concentrations each of dNTPs is used, about 1.0 to 1.5
mM is usually considered optimum. Low concentration results in low
yield and excess of Mg"™ produces non-specific amplification. Buffer
contains 10 mM Tris HCI (pH 8.4) and KCI of up to 50 mM. KClI
facilitates primer annealing. Higher concentration of KCI inhibits the DNA
polymerase activity. Gelatin or bovine serum and ionic detergents are
included which help stabilize the enzyme. PCR reaction buffer is usually
supplied as 10X concentrate. Reduction of PCR reaction below 1X
seriously hampered the amplicon production.

Volume calculation for PCR reaction

The volume of ingredients required in the PCR reaction is calculated by
equation: Cs X V4 = C¢ X V, (Where, Cs = conc. of the ingredient in the
stock solution, Cg = conc. of the ingredient required in the reaction, V4 =
vol. of the ingredient required for the reaction, V, = total volume of the
reaction)
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Setting up the PCR reaction

Sterile 0.2 ml PCR tubes with proper label is taken and kept on PCR
rack. PCR components consisting of deionised sterile water (18.77 pl),
PCR buffer (2.5 pl), dNTP mix (0.5 pl), primers (0.2 pl of each primer),
MgClI; (1.5 pl), Taq polymerase (0.33 pl) and finally template DNA (1 pl)
are added in the order as given (Table 1) for 25 pl assay. Tightly close
the PCR tubes and contents are mixed by gently tapping with fingers or
spinning in mini microfuge tube at 6000 rpm for 20 seconds. The PCR
tube then load into PCR machine/ thermal cycler to run the PCR
program (Table 2).

Table 1: Final concentration and volume of PCR component in the
reaction mixture.

PCR component Final conc. In the Volume
reaction mixture

Distilled water As required 18.77 ul
10X PCR Buffer 1X 2.50 ul
10 mM dNTP mix 200 uM 0.50 pl
Forward primer 5—-10 pmoles 0.20 pl
Reverse primer 5-10 pmoles 0.20 i
MgCl,(15mM) 1.5mM 1.50 pl
Taqg Polymerase (6 U/pul) 1U 0.33 pl
DNA template (80 ng/ pl)  -—- 1ul

Total volume 25 pl

Table 2: A typical PCR program.

Steps Temperature (°C) Time (seconds) Cycle (s)
Initial denaturation 95 300 1
Denaturation 94 30 35
Annealing 55 30 35
Extension 72 45 35

Final extension 72 600 1

Hold 4

Detection of PCR product using Agarose Gel Electrophoresis

Gel electrophoresis is technique of separation of nucleic acids and
protein under the influence of an electric field. At a particular pH, the
biological molecules exist in solution as electrically charged particles.
These charged particles will migrate either to the cathode or anode
depending on the nature of charge and their net charge.
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When a potential differences {voltage) is applied across the
electrodes, it generates potential gradient, E, which is the applied
voltage (V) divided by distance (d) between the electrodes (E = V/d). The
force that drives a charged molecule towards an electrode is the product
of potential gradient and the charge of q coulombs on the particle (F =
Eq). However, the frictional force that retards the movement of a charged
molecule is dependent on the hydrodynamic size of the molecule and
shape of the molecule, the pore size of the electrophoresis medium and
the viscosity of the buffer.

The velocity (v) of charged particle in an electric field- v =Eq / f.

Electrophoretic mobility (M) can be defined as of an ion can then be
defined by the ion’s velocity divided by the potential gradient: M = v/ E.
In addition M can be equivalently expressed as the charge of the
molecule, g, divided by the frictional coefficient, f (M =q /f).

Thus when electricity is applied to the medium containing biological
molecules, depending on their net charge and size, molecules {nucleic
acids/proteins) begin to migrate due to their different electrophoretic
mobility resulting in the their (DNA/protein) separation. DNA can be
separated either by Agarose gel electrophoresis

170yl — —
5 — 2 cycle 3" cycle
—

2'=2 copies

2*= 4 copies Pug copies
After 35 eycles

H
v

2%=34,35,97,38,368 copies

Fig. 2: Image showing the number of copies synthesized in different
cycles of PCR.

Preparation of agarose gel

Agarose typically is used at 0.5 to 2% (Table 3). For the preparation of
2% gel, 600 mg of Agarose is dissolved by heating in a flask containing
30 ml TAE or TBE (0.5X). When the solution temperature comes down to
55-60° C, 1.2ul of (Ethidium bromide) EtBr is added in the solution.
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Thereafter, this solution is poured in the casting plate with adjusted gel
comb which is then left at room temperature for around 45 minutes to
solidify. After the gel polymerisation, 0.5 X TAE buffer is added in
sufficient quantity as running buffer.

Table 3: Recommended agarose gel percentages for resolution of DNA

% Agarose DNA size (range in bp)
0.75 10,000-15,000

1.0 500-10,000

1.25 300-5000

1.5 200-4000

2.0 100-2500

2.5 50-1000

Loading amplicons in the gel

1.0ul of PCR product is mixed with 5.0 pl of 0.5 x TAE and 1.0 pl of DNA
loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, 30%
glycerol in water) and loaded into the wells along with suitable DNA
marker (may be 100 bp). The amplicons are run in electrophoresis
machine at 70V for 30-40 minutes and the band patterns are visualised
under UV light and photographed using gel documentation system
{Figure 3).

1 2

1286 bp

Fig. 3: Lane 1: Gene Ruler™ 100 bp
DNA ladder Plus (MBI Fermentas);
lane 2: PCR product of 1286 bp.
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Applications

PCR is one of the most widely used techniques in molecular biology. It
is able to amplify minute quantity of DNA rapidly and specifically to such
an extent that the DNA becomes easy to detect, study and used for any
desired purpose. PCR is a versatile tool. It can be used in a wide variety
of ways. This method of amplifying a rare sequence from a mixture has
numerous applications in basic research viz. cloning, gene expression
studies, site directed mutagenesis, mutation screening, drug discovery,
construction of cDNA library, classification of organism, genotyping,
molecular ecology, molecular archaeology, molecular epidemiology and
bioinformatics etc. In the applied research, it finds application in the
areas of DNA fingerprinting, genetic matching, detection of pathogens,
pre-natal diagnosis, gene therapy and many more. Since it is feasible
with PCR to execute analyses on extremely small quantity of DNA, it is
easy to determine genetic and evolutionary connections between
different species.

Polymerase chain reaction is one of basic step in DNA fingerprinting.
PCR based DNA markers are RAPD (employs a short arbitrary PCR
primer of 10 nucleotides), Amplified Fragment Length Polymorphism
(AFLP), microsatellites (Simple Sequence Repeat SSR). PCR products
generated often vary in length. This polymorphism can be used in
identification and classification of strains, population and higher
taxonomic groups. DNA barcoding is a species identification tools that
involves the use of a short DNA sequence or sequences from a
standardized locus (or loci). In animals it is well established. Herbert
(2004) demonstrated that a sequence of a 655 base fragment of 5’ end
of the mitochondrial cytochrome c oxidase subunit | (COI) is appropriate
for discriminating closely related species across diverse animal Phyla.
For the plant species, chloroplast genes, viz. megakaryocyte-associated
tyrosine kinase (matK), ribulose-bisphosphate gene (rbcL) and ITS
(Internal Transcribed Spacers) region of about 700bp are suitable loci.
PCR in combination with DNA sequencing is now playing a central role
for studies of the systematics of plant and animal species.

In summary, the PCR (developed in 1983 by Kary Mullis) is now a
common and often indispensable technique used in medical and
biological research laboratory for a variety of applications (Bartlett and
Stirling, 2003). These include DNA cloning for sequencing, DNA-based
phylogeny, or functional analysis of genes; the diagnosis of hereditary
diseases; the identification of genetic fingerprints (used in forensic
sciences and paternity testing), and the detection and diagnosis of
infectious diseases (Saiki et al., 1985, 1988). In 1993, Mullis was
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awarded the Nobel Prize in Chemistry along with Michael Smith for his
work on PCR (see Kary Mullis Nobel Lecture, December 8, 1993,
http://www.nobelprize.org/nobel_prizes/chemistry/Laureates/1993/mullis-
lecture.html). Polymerase chain reaction (PCR) has been used in
research and seems to be both sensitive and specific: commercial kits
are now being developed for the ampilification, for example AccuPrep®
PCR Purification Kit (http://us.bioneer.com/
Protocol/AccuPrep%20PCR%20Purification%Z20Kit.pdf).

Gel electrophoresis is a method for separation and analysis of
macromolecules (DNA, RNA and proteins) and their fragments, based
on their size and charge. It is used in clinical chemistry to separate
proteins by charge and/or size (IEF agarose, essentially size
independent) and in biochemistry and molecular biology to separate a
mixed population of DNA and RNA fragments by length, to estimate the
size of DNA and RNA fragments or to separate proteins by charge
(Kryndushkin et al., 2003). Nucleic acid molecules are separated by
applying an electric field to move the negatively charged molecules
through a matrix of agarose or other substances. Shorter molecules
move faster and migrate farther than longer ones because shorter
molecules migrate more easily through the pores of the gel. This
phenomenon is called sieving (Sambrook and Russel, 2001). Proteins
are separated by charge in agarose because the pores of the gel are too
large to sieve proteins. Gel electrophoresis can also be used for
separation of nanoparticles. Gel electrophoresis uses a gel as an
anticonvective medium and/or sieving medium during electrophoresis,
the movement of a charged particle in an electrical field. Gels suppress
the thermal convection caused by application of the electric field, and
can also act as a sieving medium, retarding the passage of molecules;
gels can also simply serve to maintain the finished separation, so that a
post electrophoresis stain can be applied. DNA gel electrophoresis is
usually performed for analytical purposes, often after amplification of
DNA via PCR, but may be used as a preparative technique prior to use
of other methods such as mass spectrometry, RFLP, PCR, cloning, DNA
sequencing, or Southern blotting for further characterization.
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([1] DNA Sequencing

A. Alam

Introduction

Genes are located on the chromosome, and are made of
deoxyribonucleic acid (DNA). A strand of DNA contains numerous
genes. All these genes contain complete information needed to code for
molecules called proteins. The nucleotide in DNA (Figure 1) consist of a
phosphate, a sugar (deoxyribose) and one of the four bases [cytosine
{C), thymine (T), adenine (A), guanine (G)].

51
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Fig. 1: Depicting the structure of a nucleotide: A basic unit of DNA.
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DNA sequence is the detailed description of the order of building
blocks or bases. DNA sequencing is the process of determining the
precise order of the four nucleotides bases Adenine, Guanine, Thymine
and Cytosine in a stretch of DNA. DNA sequencing has proved useful in
revealing the kind of genetic information in the form of base sequences
that are carried in particular segment of the DNA. The sequence
information can be analysed to hunt genes and also to determine the
changes in sequences of a gene (mutation). Knowledge of DNA
sequences has become indispensable for basic research and other
applied fields requiring DNA sequencing data like diagnostics,
biotechnology, forensic biology, biological systematics etc. The advent of
DNA sequencing tool has revolutionised the biological research and
discovery.

Historical background

The double-stranded, helical, complementary, anti-parallel model for
DNA was proposed by James Watson and Francis Crick in the year
1953. The technique of radioactive labelling was introduced to Sanger by
Chris Anfinsen, a United States biochemist in 1954. During 1961-1963,
researchers crack the genetic code linking gene and protein. DNA
polymerase which was the first enzyme to make DNA in a test tube was
discovered and isolated by Coenberg in 1958. The tRNA was the first
nucleic acid molecule sequenced by Holley and coworkers in 1965.
Discovery of Type-ll restriction enzymes by Hamilton Smith and co-
workers in 1970 was an important event in history of the DNA
sequencing. Hans Kosel successfully synthesised DNA primer in 1970.
In the year 1972, Herbert Boyer discovered the restriction enzyme
EcoR1. In 1975, Sanger and Coulson introduced the plus and minus
method for DNA sequencing. In the year 1977, DNA sequencing method
called Maxam Gilbert was discovered. These two methods were
replaced by chain terminator method/Sanger sequencing/dideoxy
terminator method. Obtainable sequence length was approximately 100
nucleotides. In 1983, Karry Mullis invented Polymerase Chain Reaction
(PCR). Dye terminator sequencing method reported in 1986 used four
dideoxynucleotide chain terminators, labelled with different fluorescent
dye, permitted sequencing in a single reaction rather than four. The
obtainable sequence by this method was around 1000 nucleotides.
Leroy Hood and Llyod Smith of California Institute of technology and
colleagues declared the first automated DNA sequencing machine in
1986. During 1990s Pyrosequencing was developed by Pal Nyren.
Sanger sequencing using dye-terminators was the principal sequencing
technique until the introduction of so-called next-generation sequencing
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technologies beginning in 2005. History of genome sequencing is

presented in Table 1.

Table 1: History of genome sequencing

Organism type Organism Size Note
Virus Bacteriophage 3.5kb  First sequenced RNA-
MS2 genome (1976)
Virus Phage ®-X174 5.4 kb  First sequenced DNA-
genome (1977)
Bacterium Haemophilus 1.8 Mb  First genome of a living
influenzae organism sequenced (July
1995)
Yeast Saccharomyces 12.1 Mb First eukaryotic genome
cerevisiae sequenced —completed in
1996
Nematode Caenorhabditis 100 Mb  First multicellular animal
elegans genome sequenced
(December 1998)
Plant Arabidopsis 157 Mb  First plant genome
thaliana sequenced
(December 2000)
Insect Drosophila 130 Mb  In the year 2000
melanogaster
(fruit fly)
Mammal Homo sapiens 3 billion Sequencing completed in
bps the year 2003
Puffer fish Takifugu 390Mb  First fish genome
rubripes sequencing completed in

the year 2002
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Plus and Minus method of DNA sequencing

A particular stretch of the DNA is synthesized using DNA polymerase to
generate series of DNA molecules of varying lengths. The unused
dNTPs were removed. The DNA synthesis was continued in four pairs of
minus and plus reaction mixtures. The minus reaction mixture had three
dNTPs while plus reaction mixture had only one dNTPs. DNA so
generated was separated by electrophoresis. Then each minus and plus
pair were compared to indicate the length of the new
polydeoxyribonucleotide (by the mobilities of the bands) and the position
at which polymerization had terminated as a result of the absence of the
missing dNTP. Employing this method, the genome of ®X174
bacteriophage was sequenced. The disadvantage of this method was
that it was only useful on single stranded DNA, and required both the
plus and minus sequences in order to ensure that the result was
completely accurate.

Maxam Gilbert method of DNA sequencing

This method requires the splicing of the purified DNA by the restriction
endonucleases. The phosphate at 5’end of the cleaved fragment was
removed using phosphatase and replaced by radioactive phosphate
(*?P) employing the enzyme Kinase. This radioactively labeled fragment
was again subjected to another restriction endonuclease which further
cut the DNA fragment. The DNA fragments were separated by
Electrophoresis to separate the two, labeled and unlabeled end sub
fragments from each other resulting in sub fragments with one labeled
and an unlabeled ends. The DNA sub fragment whose sequence
required identified was purified from the gel and separated from its other
end labeled sub fragment. The end labeled DNA sub fragments was
further divided and placed in four base specific chemical solutions (G, A
& G, C and C & T) to generate DNA fragments without bases. They were
then treated with reagents that break the DNA fragment at sites from
where the bases had been removed resulting in DNA fragments of
different length. These four reaction samples were then subjected to
electrophoresis with each reaction ran on its own lane. After
electrophoresis the gel was removed, dried and subjected to
autoradiography. A dark band in each reaction indicated the presence of
a base (Figure 2). DNA sequence was then read from the bottom of the
gel to the top of the gel. This method did not gain much popularity
because of the extensive use of hazardous chemical and technical
complexity.
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Chain terminator method of DNA sequencing

This method is also known as Sanger or dideoxy sequencing. In short, it
is replication of the single stranded DNA fragment to be sequenced
using DNA polymerase, Mg'?, dNTPs, ddNTPs and 2P labelled primers.
Frederick Sanger was awarded the Nobel Prize in 1980 for
developing this technique. Dideoxynucleotide triphosphates (ddNTPs)
are used as chain terminators.

The DNA sample is divided into four separate sequencing reactions
containing DNA template, all the four nucleotides (dATP, dCTP, dGTP
and dTTP) and the DNA polymerase. To each reaction, one of the four
dideoxynucleotide triphosphates (ddA, ddC, ddG and ddT) was added,
which lack the OH group at the 3’ carbon resulting in DNA fragments of
assorted length. The newly synthesized DNA fragments were heat
denatured and separated by gel electrophoresis with each of the four
reaction run in one of the individual lanes (A, T, G and C). The DNA
bands were then visualized by autoradiography or UV light, and then
DNA sequence read off directly from the X-ray film or gel image lanes
{Figure 3).

Dye terminator sequencing

Over a period, Sager sequencing method witnessed great advances in
the technique such as fluorescent labelling, capillary electrophoresis,
and general automation. Dye terminator sequencing is a variant of
Sanger sequencing in which each of four dideoxynucleotide
triphosphates (dATP, ddCTP, ddGTP and ddTTP) is labelled with a
fluorescent dye. This permitted sequencing in one reaction rather than
four. Sanger sequencing using dye terminators became the dominant
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sequencing technique until the introduction of so-called next-generation
sequencing technologies beginning in 2005.

The sequencing reaction mixture contains the DNA template, Taq
polymerase (the enzyme to duplicate DNA), a single primer, normal
nucleotide: deoxy-adenosine triphosphate (dATP), deoxy-guanosine
triphosphate (dGTP), deoxy-cytidine triphosphate (dCTP), deoxy
thymidine triphosphate (dTTP)) and a limited number of fluorescently
tagged dideoxynucleotides (T, C, G, A), which lack the OH group at the
3' carbon. The reaction mixture is subjected to polymerase chain
reaction with each cycle consisting of denaturation (94-98°C for 20-30
seconds), annealing (50-65°C for 20-30 seconds) and extension (70-
75°C). During the elongation, when a dideoxynucleotide is added, the
DNA extension is terminated resulting in a gradual build-up of
differently sized fragments with many copies of each of the
following preducts:
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Fig. 3: The extended *p _|labeled primers are separated by PAGE.

The differently sized DNA fragments in the reaction mixture can be
size-separated by running on a single lane of a gel (Figure 4) and the
inferred nucleotide sequence can then be deduced by a computer. Later,
the method was performed with automated sequencing machines that
used capillary electrophoresis (CE). Capillary electrophoresis uses a
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denaturing flowable polymer, has largely replaced the use of gel
separation technique {Polyacrylamide Gel Electrophoresis PAGE).
During the capillary electrophoresis, the extended product enters the
capillary as a result of the electrophoretic injection. A high voltage
applied to the buffered sequencing reaction causes the negatively
charged fragments to separate according to their size based on their
total charge. A machine scans the lane with a laser detection device.
The laser beam excites the dye on the fragment to fluoresce at excitation
wavelength of 460 nm and emission as fluorescence (emission
wavelength of ddATP - 512 nm, ddCTP - 519 nm, ddGTP - 505 nm and
ddTTP - 526 nm ) from the label conjugated to the ddNTPs can be read
by a photocell and recorded on a computer {Figure 5). The key to the
colors used in the chromatogram are: red = T, black = G, blue =
C, green = A. The computer output for a sequencing run consists of
chromatogram that can be opened in DNA sequence viewers such as
FinchTV, Artemis, BioEdit, Sequence Navigator, DNA etc.

5'-GGGTCATTTGTACTAGTGGAGGAAT-3'
"-GGGTCATTTGTACTAGTGGAGGAA 37
"“GGGTCATTTGTACTAGTGGAGGA -3
"-GGGTCATTTGTACTAGTGGAGG -3’
"“GGGTCATTTGTACTAGTGGAG -3’
"“GGGTCATTTGTACTAGTGGA -3
"“GGGTCATTTGTACTAGTGG -3’
"“GGGTCATTTGTACTAGTG -3’
"“GGGTCATTTGTACTAGT -3’
"“GGGTCATTTGTACTAG -3’
“GGGTCATTTGTACTA -3’
'“GGGTCATTTGTACT -3’
"“GGGTCATTTGTAC -3’
"“GGGTCATTTIGTA -3'

"-GGGTCATTTIGT -3’

'-GGGTCATTTG-3"

5'-GGGTCATTT-3’
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Fig. 4: Differentially sized fragment generated by Sanger sequencing
using primer 5'-GGGTCATT-3".
Shortgun Sanger sequencing methods

It is a method of sequencing a DNA fragment longer than 1000
nucleotide base pairs. The genome was fragmented and cloned into a
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plasmid vector which is transformed in E. coli. For each sequencing
reaction, a single colony is picked and the plasmid DNA isolated. The
PCR was then performed using the four fluorescently labeled dideoxy
nucleotide triphosphate (ddNTPs) generating a ladder of ddNTP
terminated, dye labeled product. They were then subjected high
resolution gel electrophoretic separation with one of 96 or 384 capillaries
with one run of a sequencing instrument. After sequencing individual
fragments, the sequences can be reassembled on the basis of their
overlapping regions (Figure 6)
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Fig. 5: Fluorescent sequencing compared with radioactive sequencing
{Source: Wikipedia).

Primer walking methods of DNA sequencing

First a segment of the genome is sequenced using the primer designed
from a known region. Subsequently, a primer is designed to hybridize
3'region, determined in the previous steps. These primers then serve as
start point to establish an additional >500 bp of sequence data. Again,
the primes are designed from the newly established sequence. The
process is repeated and the sequences reassembled on the basis of
their overlapping regions.

Expressed sequence tags (EST) sequencing methods

EST has proved to be a useful tool in the identification of active genes in
a tissue. mRNA is first isolated and then cloned in a plasmid vector. After
cloning in a vector it is followed by transformation in a bacteria, isolation
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of bacterial, plasmid DNA extraction and DNA sequencing. Each clone is
sequenced only once to decipher a “single pass” sequence tags of about

300-800 bp.
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Fig. 6: Workflow of a shortgun DNA sequencing technology (Shendure
and Ji, 2008).

Next Generation DNA sequencing technologies

Next generation DNA sequencing techniques are based on
immobilization of DNA on to a solid support, cyclic sequencing reaction
using fluidic devices and detection of molecular events by imaging. They
are highly multiplexed, allowing simultaneous sequencing and analysis
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of millions of samples. “Second generation” is used in reference to the
various implementation of cyclic array sequencing that have recently
been realized in commercial products (Table 2) like GS FLX (454
Genome Sequencers, Roche Applied Science; Basel), Genome Analyzer
{Solexa, lllumina, San Diego), the SOLID platform (Applied Biosystems,
Foster City, CA, USA), PacBio RS (Pacific Biosciences). They utilize
three critical steps:

= DNA sample preparation (Sequencing library): It involves the
fragmentation of the genomic DNA into short fragments. Adaptors
are the linked to the randomly fragmented DNA. Generation of
DNA fragments with common or universal nucleic ends is known
as “Sequencing library”.

= Immobilisation: Short DNA fragments with adaptors are
essentially required for the attachment to the solid surface, the site
wherein the sequencing reaction takes place. Next generation DNA
sequencers except PacBlo require the amplification of sequencing
library involving in situ amplification in emulsion or in solution
resulting in the generation of clusters of DNA copies.

= Sequencing: Sequencing is usually performed employing DNA

polymerases synthesis of fluorescent nucleotides or ligation
fluorescent oligonucleotides (Figure 7).

Preparation Immobilization

G ic DNA Fr d DNA Sequencing library Polony array Cycles

w-o-2c- -0

C
T
G
: G

A
C
T
A

AO> -

Fig. 7: High-throughput sequencing (Next Generation Sequencing)
waorkflow (Myllykangas, 2012).
Application of Second Generation DNA sequencing Technologies

DNA sequencing is useful in biotechnology research and discovery,
diagnostics, and forensics. Next generation DNA sequencing has further-
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-enhanced the data collection on DNA sequencing for the prediction and
inference on a broad range of biological phenomena. Massive parallel
sequencing platforms are widely available thereby reducing the
sequencing costs drastically. This has dramatically accelerated the
biological and biomedical research, enabling comprehensive analysis of
genomes in real sense. Some of the application is mentioned below in
Table 2.

Table 2: Application of next generation DNA sequencing (Shendure and

Ji, 2008 )

Category

Example of application

Complete genome
Reduced representation
sequencing

Targeted genomic
sequencing

Paired end sequencing
Metagenomic
sequencing

Transcriptome
sequencing

Small RNA sequencing

Sequencing of bisulfite
treated DNA

Chromatin
Immunoprecipitation
sequencing (ChIP-Seq)

Nuclease fragmentation
and sequencing

Molecular barcoding

Comprehensive polymorphism and mutation
discovery in individual human genome

Large scale polymorphism discovery
Targeted polymorphism and mutation
discovery

Discovery of inherited and acquired structural
variation

Discovery of infectious and commercial flora
Quantification of gene expression and
alternative splicing, transcript annotation,
discovery of transcribed SNPs or somatic
mutation

microRNA profiling

Determining patterns of cytosine methylation
in genomic DNA

Genome mapping of DNA-protein interactions

Nucleosome positioning

Multiplex sequencing of samples from
multiple individuals
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DNA sequence editing and alignment

Initial 30-40 bases and bases inserted after 600-700 good quality read,
are not reliable in DNA sequence generated in the form of
electropherogram because the peaks are of worst quality and not
reliable. Forward primer is absent in forward sequence and reverse
primer is absent in reverse sequence. In DNA sequencing, primer is not
labeled, so the first nucleotide that extends from primer is incorporated in
sequencing PCR using fluorescent dideoxy nucleotide triphosphate
(ddNTP). Both forward and reverse strand sequences of each individual
are merged in one final sequence called ‘contig’ or ‘consensus
sequence’. Reverse strand sequences are inverted and aligned with
forward strand sequence. The ambiguities located against the
sequencing electropherogram are corrected accordingly. The DNA
sequences can be edited with software like DNASTAR, MEGA,
Sequence Navigator, BioEdit etc. and aligned using CLustalW/X,
PILEUP, PROBCONS, MUSCLE, MAFFT, DIALIGN, POA and SegMan,
Sequence Navigator, BioEdit.

Nucleotide Sequence Database

The nucleotide sequence generated can be submitted in any one of the
following Nucleotide Sequence Databases:

= GeneBank: It is maintained by Bethesda, USA

= EMBL (Europen Molecular Biology Laboratory): It is maintained by
Cambridge, U. K.

= DDBJ (DNA Data Bank of Japan). It is being maintained by
Mishima, Japan.

In conclusions, the progress in DNA sequencing technology has resulted
in higher throughput DNA sequencing systems with lower cost. Emerging
technologies in DNA sequencing are anticipated to be faster than the
current throughput technologies. Semiconductor and Nanopore
sequencing are among the emerging techniques in field of DNA
sequencing. The reduction in costs of DNA sequencing by several order
in magnitude will eventually be useful for individual investigators to purse
project that were accessible only to major genomic centers. The massive
challenge before the scientific world is how to go extract biologically or
clinically meaningful understanding of the huge quantity of data
generated.
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Introduction

The science of naming and classifying organisms is the original
bioinformatics and a basis for all biology. There are approximately 1.7
million species identified by using morphological (i.e. Linnean)
characters including 808 gymnosperm, and 90000 monocots and about
200000 dicots of angiosperms. This number may be a gross under-
estimate of the true biological diversity of earth (Blaxter, 2003; Wilson,
2003). The study of taxonomy is fundamentally important in ensuring the
quality of life of future human generation on the earth; yet over the past
few decades, the teaching and research funding in taxonomy has
declined because of its classical way of practice which lead the discipline
many a times to a subject of opinion, and this ultimately gave birth of
several problems and challenges, and therefore the taxonomists became
an endangered race in the era of genomics (Ali et al., 2014). Now
taxonomy suddenly became fashionable again due to revolutionary
approaches in taxonomy called DNA barcoding (-a novel technology to
provide rapid, accurate, and automated species identifications using
short orthologous DNA sequences). The DNA barcoding (Hebert et al.,
2003, 2004) (syn.: profiling, genotyping) based on highly conserved
sequence information provide new tools for systematics (Hebert and
Barrett, 2005; Hebert and Gregory, 2005) and phylogeny (Wyman et al.,
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2004; Leebens-Mack et al., 2005; Marshall, 2005; Jansen et al., 2006;
Hansen et al., 2006). DNA barcodes consist of short sequences of DNA
between 400 and 800 base pairs that can be routinely amplified by PCR
(polymerase chain reaction) and sequenced of the species studied.

DNA barcoding bodies

The main DNA barcoding bodies and resources are (1) Consortium for
the Barcode of Life (CBOL) http://www.barcodeoflife.org established in
2004. CBOL promotes DNA barcoding through over 200 member
organizations from 50 countries, operates out of the Smithsonian
Institution’s National Museum of Natural History in Washington, (2)
International Barcode of Life (iBOL) http://www.ibol.org launched in
October 2010, iBOL represents a not-for-profit effort to involve both
developing and developed countries in the global barcoding effort,
establishing commitments and working groups in 25 countries. The
Biodiversity Institute of Ontario is the project’s scientific hub and its
director, (3) The Barcode of Life Datasystems (BOLD)
(http://www.boldsystems.org) is an online workbench for DNA barcoders,
combines a barcode repository, analytical tools, interface for submission
of sequences to GenBank, a species identification tool and connectivity
for external web developers and bioinformaticians, established in 2005
by the Biodiversity Institute of Ontario. The Consortium for the Barcode
of Life (CBOL) Plant Working Group (2009) recommended rbcL + matK
as a core two-locus combination. However, as these loci encode
conserved functional traits, it is not clear whether they provide sufficiently
high species resolution. One of the challenges for plant barcoding is the
ability to distinguish closely related or recently evolved species.

GenBank

GenBank (-the NIH genetic sequence database, an annotated collection
of all publicly available DNA sequences) have very important role in DNA
barcoding. GenBank is part of the International Nucleotide Sequence
Database Collaboration, which comprises the DNA DataBank of Japan
(DDBJ), the European Molecular Biology Laboratory (EMBL), and
GenBank at NCBI. These three organizations exchange data on a daily
basis. There are several ways to search and retrieve data from
GenBank. Search GenBank for sequence identifiers and annotations
with  Entrez Nucleotide, which is divided into three divisions:
CoreNucleotide (the main collection), dbEST (Expressed Sequence
Tags), and dbGSS (Genome Survey Sequences). Search and align
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GenBank sequences to a query sequence using BLAST (Basic Local
Alignment Search Tool). BLAST searches CoreNucleotide, dbEST, and
dbGSS independently. The GenBank database is designed to provide
and encourage access within the scientific community to the most up to
date and comprehensive DNA sequence information
(http://www.ncbi.nlm.nih.gov/genbank/).

Molecular phylogeny

The use of DNA or protein sequences to identify organisms was
proposed as a more efficient approach than traditional taxonomic
practices (Blaxter et al., 2004; Tautz et al., 2003). Dobzhansky (1973)
stated that nothing in biology makes sense except in the light of
evolution. Phylogeny is in the midst of a renaissance, heralded by the
widespread application of new analytical approaches and molecular
techniques. Phylogenetic analyses provided insights into relationships at
all levels of evolution. The phylogenetic trees now available at all levels
of the taxonomic hierarchy for animals and plants, which play a pivotal
role in comparative studies in diverse fields from ecology to molecular
evolution and comparative genetics (Soltis and Soltis, 2000). The basic
DNA nucleotide substitution rate was estimated to be 1.3 x 10-8 (Ma and
Bennetzen, 2004) and 6.5 x 10-9 (Gaut et al.,, 1996) substitution per
locus per year in grasses, and it was estimated to 1.5 x 10-8 in
Arabidopsis (Koch et al., 2000). A chloroplast gene such as matK
(maturase K) or a nuclear gene such as ITS (internal transcribed spacer)
may be an effective target for barcoding in plants (Kress et al., 2005;
Kress and Erickson, 2008). Kress et al. (2005) have demonstrated the
effectiveness of DNA barcoding in angiosperms. Ribosomal DNA (e.g.
ITS) could be used to complement of results based on plastid genes,
that may provide a more sophisticated multiple component barcode for
species diagnosis and delimitation (Chase et al., 2005). Sequences used
for molecular barcoding are the nuclear small subunit ribosomal RNA
gene (SSU, also known as 16S in prokaryotes, and 18S in most
eukaryotes), the nuclear large-subunit ribosomal RNA gene (LSU, also
known as 23S and 28S), the highly variable internal transcribed spacer
section of the ribosomal RNA cistron (ITS, separated by the 5S
ribosomal RNA gene into ITS1 and ITS2 regions), the mitochondrial
cytochrome ¢ oxidase 1 (CO1 or cox1) gene and the chloroplast ribulose
bisphosphate carboxylase large subunit (rbcL) gene. Kress et al., 2005
have suggested that ITS spacer region and the plastid trnH-psbA have
greater potential for species-level discrimination than any other locus,
the trnH-psbA combined with rp136-rpf8, and trnL-F ranked the highest
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amplification success with appropriate sequence length (Kress et al.,
2005).

Phylogenetic analyses

In DNA barcoding the sequences of the barcoding region are obtained
from various individuals. The resulting sequence data are then used to
construct a phylogenetic tree. In such a tree, similar, putatively related
individuals are clustered together. The term 'DNA barcode' seems to
imply that each species is characterized by a unique sequence, but there
is of course considerable genetic variation within each species as well as
between species. However, genetic distances between species are
usually greater than those within species, so the phylogenetic tree is
characterized by clusters of closely related individuals, and each cluster
is assumed to represent a separate species (Dasmahapatra and Mallet,
2006).

A diverse array of molecular techniques are available for studying
genetic variability, including restriction site analysis, analysis of DNA
rearrangements, gene and intron loss, and the dominantly used PCR
based techniques followed by DNA sequencing and cladistic analyses of
the nuclear genome (nuDNA) and both organelle genomes of
mitochondria (mtDNA) and chloroplast (cpDNA) (Martins and Hellwig,
2005; Mitchell and Wen, 2005). The phylogenetic analysis tools used for
the phylogeny and DNA barcoding have been summarized in Table 1.

The three commonly used methods for phylogenetic analysis are MP
(maximum parsimony), ML (maximum likelihood), and (Bl) Bayesian
inference. Of them ML (maximum likelihood) was found to be the most
discriminative (Hillis et al., 1994).

The maximum parsimony algorithm (Farris, 1970; Swofford et al.,
1996) searches for the minimum number of genetic events (e.g.
nucleotide substitutions) to infer the shortest possible tree (i.e., the
maximally parsimonious tree). Often the analysis generates multiple
equally most parsimonious trees. When evolutionary rates are drastically
different among the species analyzed, results from parsimony analysis
can be misleading (e.g., long-branch attraction; Felsenstein, 1978).
Parsimony analysis is most often performed with the computer program
PAUP* 4.0 (Swofford, 2002), and MEGA (Tamura et al., 2007, 2011).

The maximum likelihood (ML) method (Felsenstein, 1985; Hillis et al.
1994, 1996) evaluates an evolutionary hypothesis in terms of the
probability that the proposed model and the hypothesized history would
give rise to the observed data set properly. The topology with the highest
maximum probability or likelihood is then chosen. This method may have
lower variance than other methods and is thus least affected by sampling
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error and differential rates of evolution. It can statistically evaluate
different tree topologies and use all of the sequence information.

The Bayesian phylogenetic inference is model-based method and
was proposed as an alternative to maximum likelihood (Rannala and
Yang, 1996; Yang and Rannala, 1997). The computer program MrBayes
3.0 (Huelsenbeck and Ronquist, 2001) performs Bayesian estimation of
phylogeny based on the posterior probability distribution of trees, which
is approximated using a simulation technique called Markov chain Monte
Carlo (or MCMC). MrBayes can combine information from different data
partitions or subsets evolving under different stochastic evolutionary
models. This allows the user to analyze heterogeneous data sets
consisting of different data types, including morphology and nucleotides.
Bayesian inference has facilitated the exploration of parameter-rich
evolutionary models.

Table 1: A brief of phylogenetic analysis tools used for the phylogeny
and DNA barcoding.

Phylogenetic analysis Description

tools

ABI to FASTA Automatic ABI to FASTA Converter

converter 1.1.2

abi2xml 1.2 Utility to convert the binary file format from an
ABI PRISM TM 377 DNA Sequencer to an
xml file

Align-m v2.3 Multiple alignment software

AmplifX 1.7.0 Software for seeking in a collection of
primers

AnnHyb v.4.946 A tool for working with and managing

nucleotide sequences in multiple formats

ArboDraw 2006 A program for building and displaying
phylogenetic trees

Archaeopteryx 0.9813 A Java tool for the visualization of annotated
phylogenetic trees
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Artemis 15.1.10

Assemble2 1.0.0

AssociationViewer 2.0

AutoDimer 1.0

BAMBE 2.02b

Baobab 3.31

Bayesian evolutionary
analysis sampling
trees (BEAST)

BEAST 1.7.5

BioCocoa 2.2.2

BioEdit

A free genome viewer and annotation tool
that allows visualization of sequence features
and the results of analyses within the context
of the sequence, and its six-frame translation

A graphical tool to construct and study RNA
architectures

Java application used to display SNPs in a
genetic context

Developed to rapidly screen previously
selected PCR primers

Bayesian Analysis in Molecular Biology and
Evolution

An editor for large phylogenetic trees written
in Java

A Bayesian MCMC program for inferring
rooted trees under the clock or relaxed-clock
models. It can be used to analyse nucleotide
and amino acid sequences, as well as
morphological data. A suite of programs,
such as Tracer and FigTree, are also
provided to diagnose, summarize and
visualize results. http://beast.bio.ed.ac.uk
(Drummond and Rambaut, 2007)

Cross-platform program for Bayesian MCMC
analysis of molecular sequences

Code for handling and manipulating
biological sequences

A Dbiological sequence alignment editor
written for Windows 95/98/NT/2000/XP
BioEdit is a fairly comprehensive sequence
alignment and analysis tool. BioEdit supports
a wide array of file types and offers a simple
interface  for local BLAST searches
http://www.mbio.ncsu.edu/bioedit/bioedit.html
(Hall,1999)
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BioLign 4.0.6

Biology Workbench
3.2

BioSeqAnalyzer 1.0
demo

BLAST+ 2.2.28

Bosque 1.8
CHROMA1.0

Circles 0.1.1

Clann 3.2.3

CLC Sequence Viewer

7.5

Clustalw

CodonCode Aligner
4.2.5

COMPONENT 2.0

Tool for alignment, SNP identification, and
PHRAP evaluation

A web-based tool for biologists. The
WorkBench allows biologists to search many
popular protein and nucleic acid sequence
databases

A bioinformatics software tool for analyzing
DNA and protein sequences

The Basic Local Alignment Search Tool

A graphical software to perform phylogenetic
analyses

A tool for generating annotated multiple
sequence alignments

Program for inferring RNA secondary
structure

Determining the optimal phylogenetic
supertree

Bioinformatics analyses workbench

Multiple Sequence Alignment (EBI, United
Kingdom). This provides one with a number
of options for data presentation, homology
matrices [BLOSUM  (Henikoff), PAM
(Dayhoff) or GONNET, and presentation of
phylogenetic trees (Neighbor-Joining, Phylip
or Distance). Other sites offering ClustalW
alignment are at the Pasteur Institute, Kyoto
University and chEMBLnet.org
http://www.ebi.ac.uk/Tools/msa/clustalw2/

A program for sequence assembly, contig
editing, and mutation detection, available for
Windows and Mac OS X

Program for analysing evolutionary trees
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ClustalX

CodonCode Aligner
4.2.5

Convertrix 1.0

DAMBE 5.3.48

dbEST

Dendroscope 3.2.8

DensiTree 2.1.10

DFW 2.51 trail

DNA Baser 4.7

DNA Counter v1.0.2

DNA Dragon 1.5.6

build1

DNA for Windows

ClustalX is a windows interface for the
ClustalW  multiple sequence alignment
program. It provides an integrated
environment  for  performing  multiple
sequence and profile alignments and
analyzing the results. This program allows to
create  Neighbor Joining trees  with
bootstrapping. http://www.clustal.org/
(Thompson et al., 1997)

A program for sequence assembly, contig
editing, and mutation detection, available for
Windows and Mac OS X

A Batch DNA Sample Converter

Data Analysis and Molecular Biology and
Evolution software

dbEST is a division of GenBank that contains
sequence data and other information on
"single-pass” cDNA sequences, or
Expressed Sequence Tags, from a number
of organisms

An interactive viewer for large phylogenetic
trees

A program for qualitative analysis of sets of
trees

A compact, easy to use DNA analysis
program, ideal for small-scale sequencing
projects

Software for DNA sequence assembly

Tool shows the proportions between
nucleotides in a DNA sequence

DNA Sequence Contig Assembler Software

DNA analysis program
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DNA Master 5.22.1
DNAMAN 8.0 Demo
DNAmend 1.02A

DNAPIotter 1.10

DNASIS Max trial 3.0

DnaSP 5.10.01

DNATREE 1.3

DNAux 3.0

DNAWorks 3.0

DoubleTree 0.7

EMBOSS 6.5.7

e-PCR 2.3.12

Exonerate 2.2

FASTA 36.3.6f

FASTA/BLAST SCAN
24

DNA sequence editor and analysis package
sequence analysis tools
Cloning software

Circular and linear

visualisation

interactive genome

Bioinformatics software

DNA Sequence Polymorphism, is a software
package for the analysis of nucleotide
polymorphism from aligned DNA sequence
data

A computer program that simulates the
branching of an evolutionary tree

Auxiliary DNA Software

Automatic oligonucleotide design for PCR-
based gene synthesis

An application for comparing two trees using
coupled interaction

The European Molecular
Software Suite

Biology Open

Electronic PCR (e-PCR) is computational
procedure that is used to identify sequence
tagged sites(STSs), within DNA sequences

A multiple sequence alignment program

Compares a protein sequence to another
protein sequence or to a protein database, or
a DNA sequence to another DNA sequence
or a DNA library

A program for processing nucleotide
sequences alignment made with FASTA and
BLAST alignment tools
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FastME 2.0.7

FastPCR 6.5.04

FigTree

figtree 1.4
FinchTV 1.5

Format Converter
v2.2.5

gbench 2.7.12
GDA 1.1

Genamics Expression
1.1

GenBank to FASTA
converter 08.11.12

Gene Construction Kit
4.0.3 Demo

Geneious

A distance based phylogeny reconstruction
algorithm

A free software for design PCR primers

FigTree is designed as a graphical viewer of
phylogenetic trees to display summarized
and annotated trees produced by BEAST

A graphical viewer of phylogenetic trees
DNA sequence analysis program

This program takes as input a sequence or
sequences (e.g., an alignment) in an
unspecified format and converts the
sequence(s) to a different user-specified
format

NCBI Genome Workbench
Genetic Data Analysis software

A revolutionary new Windows application for
DNA and protein sequence analysis

A freeware that can convert GenBank
(gb/gbk) file format to FASTA format

Allows graphic manipulation of DNA
sequences and sophisticated plasmid
drawing options

Geneious (Alexei Drummond Biomatters Ltd.
Auckland, New Zealand) provides an
automatically-updating library of genomic
and genetic data; fororganizing and
visualizing data. It provides a fully
integrated, visually-advanced toolset
for: sequence alignment and phylogenetics;
sequence analysis including BLAST; protein
structure viewing, NCBI, EMBL, Pubmed
auto-find etc. http://www.geneious.com/
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Geneious 8.0.3

GenescanView1.2

GeneStudio Pro
2.2.0.0

Genetic algorithm for
rapid likelihood
inference (GARLI)

GeneTree 1.3

Genie 3.0

GENOME EXPLORER
1.0b

GenomeComp 1.3

GenomePixelizer
2003.10.1

GENtle 1.9.4
GEODIS 2.6

geWorkbench 2.4.1

Genome & proteome research tools

Allows to visualize genescan files (.fsa format
from ABI PRISM sequencers) and to view the
exact peak size

A modern suite of molecular biology
applications for the Windows platform built on
our sequence format conversion engine,
SeqVerter

A program that uses genetic algorithms to
search for maximum likelihood trees. It
includes the GTR + I' model and special
cases and can analyse nucleotide, amino
acid and codon sequences (Zwickl, 2006)

An experimental program for comparing
gene and species trees

Genealogy Interval Explorer

A Java front end to many useful
bioinformatics tools

A DNA sequence comparison tool and
graphical user interface (GUI) viewer

implemented in Perl/Tk.

Useful in the detection of duplication events
in genomes, tracking the "footprints" of
evolution, as well as displaying the genetic
maps and other aspects of comparative
genetics

A software for DNA and amino acid editing

A program for the calculation of the statistics
and associated P-values for the nested clade
analysis (NCA) developed by Templeton and
collaborators

Genomics Workbench, a Java-based open-
source platform for integrated genomics
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G-InforBIO V1.90

goldMINER 2.0.27

HIV Database

Hypothesis testing

using phylogenies
(HYPHY)

ITS2 Database

iCE 3.5
IGB 8.0.0

e-Workbench for "databasing", comparative
genome analysis

Software for automated gene annotation and
functional classification

The HIV databases contain data on HIV
genetic sequences, immunological epitopes,
drug resistance-associated mutations, and
vaccine trials

A maximum likelihood program for fitting
models of molecular evolution. It implements
a high-level language that the user can use
to specify models and to set up likelihood
ratio tests. http://www.hyphy.org
(Kosakovsky et al., 2005)

The ITS2 Database presents an exhaustive
dataset of internal transcribed spacer 2
sequences from NCBI GenBank accurately
reannotated. Following an annotation by
profile Hidden Markov Models (HMMs), the
secondary structure of each sequence is
predicted. The ITS2 Database also provides
several tools to process ITS2 sequences,
including annotation, structural prediction,
motif detection and BLAST (Altschul et al.,
1997) search on the combined sequence-
structure information. Moreover, it integrates
trimmed versions of 4SALE (Seibel et al.,
2006, 2008) and ProfDistS (Wolf et al., 2008)
for multiple sequence-structure alignment
calculation and Neighbor Joining (Saitou and
Nei, 1987) tree reconstruction. Together they
form a coherent analysis pipeline from an
initial set of sequences to a phylogeny based
on sequence and secondary structure.
http://its2.bioapps.biozentrum.uni-
wuerzburg.de/

Internet Contig Explorer

Integrated Genome Browser
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IGV 2.3.19

ISYS v1.35

JAligner 1.0

Jalview 2.8

jambw 1.1

Jevtrace2 v3.16b

jMODELTEST 2.1.3

K-Estimator 6.1v

Laj 070222

Lalnview 3.0

Leaphy 1.0

LocalMotif 1.0

loopDloop 2.07b

MACAW 2.05

A visualization tool to simultaneously
integrate and analyze multiple types of
genomic data

A dynamic, flexible open source platform for
the integration of bioinformatics software
tools and databases

Local pairwise sequence alignment software

A multiple alignment editor written entirely in
java

The Java based Molecular Biologist's
Workbench

A java implementation of the evolutionary
trace method

Phylogenetic model averaging

A program to estimate the number of
synonymous (Ks) and nonsynonymous
substitutions (Ka) per site and the confidence
intervals by Monte Carlo simulations

Tool for viewing and manipulating the output
from pairwise alignment programs

Graphical program for visualizing local
alignments between two sequences

Likelihood estimation algorithms in
phylogenetics

A software tool for discovering transcription
factor binding motifs

A tool for drawing RNA secondary structures
in molecular biology

Multiple Alignment Construction & Analysis
Workbench
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MacClade

MAFFT

MAFFT 7.205
Mauve 2.3.1
MB6.84
MESA 1.9.23
mesquite 2.75
ModelPie 1.01

Modeltest

Molecular
evolutionary genetic
analysis (MEGA)

MacClade is a computer program for
phylogenetic analysis written by David
Maddison and Wayne Maddison. Its
analytical strength is in studies of character
evolution. It also provides many tools for
entering and editing data and phylogenies,
and for producing tree diagrams and charts.
http://macclade.org/

MAFFT is a multiple sequence alignment
program for unix-like operating systems

A multiple sequence alignment program
Genome Alignment Software

DNA analysis program

Macroevolutionary Analysis & Simulation
Software for evolutionary biology

A windows and linux interface for modeltest.

Modeltest is a program that uses hierarchical
likelihood ratio tests (hLRT) to compare the fit
of the nested GTR (General Time Reversible)
family of nucleotide substitution models.
Additionally, it calculates the Akaike
Information Criterion estimate associated with
the likelihood scores.
http://darwin.uvigo.es/software/jmodeltest.html
(Posada and Crandall, 1998)

A Windows-based program with a full graphical
user interface that can be run under Mac OSX
or Linux using Windows emulators. It includes
distance, parsimony and likelihood methods of
phylogeny reconstruction, although its strength
lies in the distance methods. It incorporates
the alignment program ClustalW and can
retrieve data from GenBank.
http://www.megasoftware.net (Tamura et al.
2011)
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MrBayes

multalin

NDE 0.5.0

Neighbor-Joining

NetPrimer

Network 4.611

ngKLAST 2.5

NimbleTree 2.6

NJplot 2.4

NoePrimer 3.0
NSA 3.3

Oligo 7.58 Demo

Oligo Calculator

ORFprimer 1.6.4.1

A Bayesian MCMC program for phylogenetic
inference. It includes all of the models of
nucleotide, amino acid and codon
substitution developed for likelihood analysis.
http://mrbayes.net (Huelsenbeck and
Ronquist, 2001)

Multiple sequence alignment by Florence
Corpet

NEXUS Data Editor, is a program to create
and edit NEXUS format data files

Neighbor-Joining method is proposed for
reconstructing phylogenetic trees from
evolutionary distance data (Saitou and Nei,
1987)

Primer Analysis Software

Software for generating evolutionary trees
and networks

All-in-one KLAST and BLAST workstation

Program for making phylogenetic trees
starting from sequence data

A tree drawing program able to draw any
phylogenetic tree

Unigue and innovative primer design studio
Nucleotide Sequence Analyzer

Oligo 6.71 Demo researchers in PCR and
related technologies software

On line tool to find Length, melting
Temperature, %GC content and Molecular
Weight of DNA sequence.

Java Application for automatical primer
design
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PAL 1.51

PAUP

PCRTiler 1.42

Pebble v1.0

PerlPrimer v1.1.21

PHASE 2.0

Phred/Phrap/Consed

23.0
PHYLIP

A Java library for molecular evolution and
phylogenetics

David Swofford of the School of
Computational Science and Information
Technology, Florida State  University,
Tallahassee, Florida has written PAUP*
(which  originally meant Phylogenetic
Analysis Using Parsimony). PAUP*version
4.0beta10 has been released as a
provisional version by Sinauer Associates, of
Sunderland, Massachusetts. It has
Macintosh, PowerMac, Windows, and
Unix/OpenVMS versions. PAUP* has many
options and close compatibility with
MacClade. It includes parsimony, distance
matrix, invariants, and maximum likelihood
methods and many indices and statistical
tests.  http://paup.csit.fsu.edu  (Swofford,
2002)

Automated Design of Tiled and Specific PCR
Primer Pairs

Phylogenetics, Evolutionary Biology, and
Bioinformatics in a moduLar Environment

A free, open-source GUI application that
designs primers for PCR

A software package for phylogenetics and
sequence evolution

DNA Sequence Assembler & Finishing Tools

A package of programs for inferring
phylogenies. PHYLIP is the most widely-
distributed  phylogeny  package, and
competes with PAUP to be the one
responsible for the largest number of
published trees.
http://evolution.genetics.washington.edu/phyl
ip.html
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Phylodendron 0.8d

Phylogen 1.1

Phylogenetic analysis
by maximum
likelihood (PAML)

Phylogeny

Phylogeny.fr

PhyloGrapher2003.4.3

Phyltools 1.32

PhyML

Phylogenetic tree drawing

Implements some straight-forward birth-
death models for simulating phylogenies

A collection of programs for estimating
parameters and testing hypotheses using
likelihood. It is mostly used for tests of
positive selection, ancestral reconstruction
and molecular clock dating. It is not
appropriate for tree searches.
http://abacus.gene.ucl.ac.uk/ software (Yang,
2007)

Parsimony method programs/ Distance
matrix method programs / Maximum
likelihood method programs / Computation of
distance / Manipulation and visualization of
phylogenetic tree/ Other programs

Phylogeny.fr - is a simple to use web service
dedicated to reconstructing and analysing
phylogenetic relationships between
molecular sequences. It includes multiple
alignment (MUSCLE, T-Coffee, ClustalW,
ProbCons), phylogeny (PhyML, MrBayes,
TNT, BioNJ), tree viewer (Drawgram,
Drawtree, ATV) and utility programs (e.g.
Gblocks to eliminate poorly aligned positions
and divergent regions).
http://www.phylogeny.fr/ (Dereeper et al.,
2008)

A program designed to visualize and study
evolutionary relationships within families of
homologous genes or proteins (elements)

A freeware utilities package that works with
the phylogenetic inference package Phylip

A fast program for searching for the
maximum likelihood trees using nucleotide or
protein sequence data. http://www.atgc-
montpellier. fr/phyml/binaries.php
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pknotsRG 1.3

PoInTree 1.0.1.2

PowerBlast 1.2.0

PRAP 2.0b3

Primer 3

Primer Premier 6.21
DEMO

Primer Prim'er 5.6.0

Primo Pro 3.4

PriorsEditor 1.0.11

ProfDist 0.9.9 Beta

ProfDistS

ProSeq 3.5

PVT
QAlign 2.60.80
RAxML

Readseq

A tool for folding RNA secondary structures

An application that allows to build, visualize
and customize phylogenetic trees

Blast local tools

Software for Parsimony ratchet analyses with
PAUP

Pick primers from a DNA sequence

A comprehensive primer design tool to
design

A PCR primer design tool that completely
automates the primer design process

Standard PCR, reduces primer dimer and
random primering

A general workbench for regulatory region
analysis and transcription factor binding site
discovery

A tool for the construction of large
phylogenetic trees based on profile distances

Distance based phylogeny on sequence-
structure lignments. (Wolf et al., 2008)

Program for sequence editing and population
genetics (mol/evol) analysis

Phylogenetic Visualization tool

Multiple alignment and editor software

A fast program for searching for the
maximum likelihood trees under the GTR
model using nucleotide or amino acid
sequences (Stamatakis, 2006)

A tool for converting between common
sequence file formats.
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REAP

RNA draw 1.1 b2

RnaDv 1_0

RnaFamily

RnallViewer 1.0.1

RNApasta 1.01

RNAstructure 5.6

RnaViz 2.0.3

RNAz 2.1

Savant 2.0.5
SDG Web Primer

SeaView 4.4.2

SeqCorator 2.03
Seqool 3.1
SeqPup 0.9

An integrated environment for the
manipulation and phylogenetic analysis

An integrated program for RNA secondary
structure calculation and analysis under 32-
bit Microsoft Windows

A Design and Visualization Tool for RNA
Secondary Structure

A simple software tools that enables to
display all secondary structures of a family of
RNA molecules

RNA Analysis Visualization Tool

A utility for collecting statistics from aligned
and structurally annotated RNA sequences

A Windows program for the prediction and
analysis of RNA secondary structure

A user-friendly, portable, GUI program for
producing  publication-quality = secondary
structure drawings of RNA molecules

Program for predicting structurally conserved
and  thermodynamically  stable = RNA
secondary structures in multiple sequence
alignments

A desktop visualization tool for genomic data
Design of PCR or sequencing primers

A graphical multiple sequence alignment
editor

A powerful sketchpad to decorate sequence
A sequence analysis tool

A biological sequence editor and analysis
program
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SeqState 1.41

seqtools v. 8.4.071

Sequence Scanner
v1.0

Sequences
Alignments and
Comparisons

SequenceViewer 1.0

Sequencher

Sequencher 5.2.3
Demo

Sequin 12.91

Sequlator 2013

SeqVISTA 1.81

SERIAL CLONER 2.6-1

SnS-Align
SplitsTree 4.13.1

Primer design and sequence statistics for
phylogenetic DNA data sets

Tools for basic and advanced analyses of
nucleotide and protein sequences

The free Sequence Scanner Software
enables to view, edit, print and export
sequence data generated using the Applied
Biosystems Genetic Analyzers

Sequences consensus and Sequences
comparaison / Pairwise comparisons /
Multiple alignments / Alignments of structures
/ Alignments display / HMM (Hidden Markov
Models)

A graphic tool to visualize DNA sequences

The Premier DNA Sequence Analysis
Software for Sanger and NGS Datasets
http://www.genecodes.com/

The industry standard software for DNA
sequence analysis

A stand-alone software tool developed by the
NCBI for submitting and updating entries to
the GenBank, EMBL, or DDBJ sequence
databases

Free multiple sequence alignment editor

A Graphical Tool for Sequence Feature
Visualization and Comparison

Software for DNA cloning, sequence analysis
and visualisation

Structure and Sequence Alignment Software

Application for computing evolutionary
networks from molecular sequence data
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SRS 6.1.3.11

SSRHunter 1.3

SStructView 1.2.2

Staden 2.0.0b9

STRAP 20140609

TCS 1.21

TGGE-STAR

Topali 2.5

Tree analysis using

new technology (TNT)

TREECON 1.3b Demo

TreeExplorer 2.12

TreeGraph 2.0.47-206

beta

TreeJuxtaposer 2.1

TreeMap 3.0b

TreeMe 07/2008

Sequence Retrieval System
Simple Sequence Repeat Search tool

A Java applet for viewing RNA secondary
structures and  linking to  multiple
computational backends

A fully developed set of DNA sequence
assembly (Gap4), editing and analysis tools

Multiple Sequence Alignment Interactive
Program

A Java computer program to estimate gene
genealogies including multifurcations and/or
reticulations (i.e. networks)

To facilitate the design of PCR primers

Statistical and evolutionary analysis of
multiple sequence alignments

A fast parsimony program intended for very
large data sets (Goloboff et al., 2008)

A software package developed primarily for
the construction and drawing of phylogenetic
trees

Display a phylogenetic tree in several
different styles

A graphical editor for phylogenetic trees
Compare phylogenetic evolutionary trees
interactively and automatically

An experimental program for comparing host
and parasite trees

A comprehensive phylogenetic  tree
visualization and manipulation software
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tree-puzzle 5.2

TreeView

T-REX 4.01

tRNAscan-SE 1.21
Utopia 1.4.5
Vector NTI Advance

11.5.2 Demo

Vienna RNA Package
21.6

vised11.exe
Web Apollo 20131122

WinBlast v.0.2.0

WinGene 2.31

WINIPAUP 1.0

Xplorer 2.4.3

XRNA 1.2.0b

YASS v1.14
YCDMA 3.1.1

A computer program to reconstruct
phylogenetic trees from molecular sequence
data by maximum likelihood

TreeView provides a simple way to view the
contents of a NEXUS, PHYLIP, or other
format tree

Tree and Reticulogram reconstruction

A program for improved detection of transfer
RNA genes in genomic sequence

Molecular Structure Viewer and Colour
Interactive Editor for Multiple Alignments

Sequence analysis and data management
software

Programs for the prediction and comparison
of RNA secondary structures

Visual Sequence Editor
A genome annotation viewer and editor

A Windows graphical front-end for NCBI
BLAST

An application for Win95/Win98/Win NT for
analysis of nucleotide sequences

Paup Windows Interface software

Stand alone Chromatogram Editor with

Mutation Detection

A Java based suite of tools for the creation,
annotation and display of RNA secondary
structure diagrams

DNA local alignment tool

Program is designated to
microsatellite data

manage
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Implications of DNA barcoding

Traditional taxonomists use multiple morphological traits to delineate
species. Today, such traits are increasingly being supplemented with
DNA-based information. In contrast, the DNA barcoding identification
system is based on what is in essence a single complex character (a
portion of one gene, comprising ~650 bp from the first half of the
mitochondrial cytochrome ¢ oxidase subunit |gene sometimes
called COXI or COI), and barcoding results are therefore seen as being
unreliable and prone to errors in identification
{Dasmahapatra and Mallet, 2006). Although the mitochondrial
cytochrome oxidase subunit | (CO1) is a widely used barcode in a range
of animal groups (Hebert et al., 2003), this locus is unsuitable for use in
plants due to its low mutation rate (Kress et al., 2005; Cowen et al.,
2006; Fazekas et al.,, 2008). In addition, complex evolutionary
processes, such as hybridization and polyploidy are common in plants,
lead the species boundaries difficult to define (Rieseberg et al., 2006;
Fazekas et al., 2009).

In DNA barcoding, complete data set can be obtained from single
specimens irrespective to morphological or life stage characters. The
core idea of DNA barcoding is based on the fact that the highly
conserved stretches of DNA, either coding or non coding regions, vary at
very minor degree during the evolution within the species. The number
and identity of DNA sequences that should be used for barcoding is a
matter of debate (Pennisi, 2007; Ledford, 2008). Sequences suggested
to be useful in DNA barceding include cytoplasmic mitochondrial DNA
{e.g. cox1) and chleroplast DNA (e.g. rbcL, trnL-F, matK, ndhF, and atpB
rbcL), and nuclear DNA (ITS, and house keeping genes e.g. gapdh). The
‘DNA barcodes’ show promise in providing a practical, standardized,
species-level identification tool that can be used for biodiversity
assessment, life history and ecological studies, forensic analysis, and
many more. Morphologically distinguishable taxa may not require
barcoding; however, subspecies (ssp.), cultivars (cv.), eco- and
morphotypes, mutants, species complex and clones can be diagnosed
with molecular barcoding. Barcode of a specimen can be compared with
sequences derived from other taxa, and in the case of dissimilarities
species identity can be determined by molecular phylogenetic analyses
based on MOTU, molecular operational taxonomic units (Floyd et al.,
2002). DNA barcoding was particularly useful for marine organisms
{Shander and Willassen, 2005), including fishes (Mason, 2003; Ward et
al., 2005); soil miofauna (Blaxter et al.,, 2004) and freshwater
meiobenthos (Markmann and Tautz, 2005); and extinct birds (Lambert et
al., 2005). In the rainforests, rapid DNA-based entomological inventories
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were so effective (Monaghan et al., 2005; Smith et al., 2005) that tropical
ecologists were the most active advocates of DNA barcoding (Janzen,
2004; Janzen et al., 2005). More pragmatically, DNA barcodes have
proved to be useful in biosecurity, e.g. for surveillance of disease vectors
(Besansky et al., 2003) and invasive insects (Armstrong and Ball, 2005),
as well as for law enforcement and primatology (Lorenz et al., 2005).
However, DNA barcoding has created some controversy in the taxonomy
community (Mallet and Willmott, 2003; Lipscomb et al., 2003; Seberg et
al., 2003; DeSalle et al., 2005; Lee, 2004; Ebach and Holdrege,
2005; Will et al, 2005).
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Introduction

DNA sequencing is a process of determining the precise sequential
order of the four nucleotides within a DNA molecule. With the advent of
fluorescence based sequencing chemistry and automated analyzers,
DNA sequencing has become simpler, accurate and economical and
currently a routine activity in major laboratories. The gene sequences so
obtained are used for various purposes, and barcoding is one of the
important applications of DNA sequencing. In this chapter, we have
described methods of plant DNA extraction, PCR amplification,
sequencing techniques and their application in DNA barcoding.

DNA sequencing provides information about the sequential
arrangement of four nucleotide bases, adenine (A), guanine (G),
cytosing(C) and thymine (T) present in a molecule of DNA being
sequenced. Initial studies were developed for the identification and
characterization of clinically important microorganisms that led the path
to obtain DNA sequences within a few days (Hultman et al., 1989;
Brytting et al., 1992). Sequencing based molecular techniques provide
better resolution at intra-genus and above level, while frequency data
from markers such as random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism (AFLP) and microsatellites
provide the means to classify individuals into nominal genotypic
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categories and are mostly suitable for intra-species genotypic variation
study (Robinson et al., 1999). This distinction is important to grasp for
population studies, particularly when the diversity data are used as a
basis for making decisions about conservation of plant resources. For
instance, a recent study on Napier grass (Pennisetum purpureum) has
showed that AFLP is incompatible with RAPD and morphological data
hence re-entry of all accessions of Napier grass based on DNA
barcoding is suggested as a means to resolve the lingering problems
regarding the identity of accessions (Struwig et al., 2009). DNA
barcoding is potentially of great value as morphology-based identification
pose complexity and need experience to identify. The Consortium for the
Barcode of Life (CBOL) plant working group recommended the 2-locus
combination of rbcL (Ribulose-1, 5-bisphosphate carboxylase/oxygenase
large subunit) and matK (Maturase K) as the standard for barcoding of
all land plants based on the assessments of recoverability, sequence
quality and levels of species discrimination (CBOL, 2009).

Molecular phylogenies in plants are traditionally based on sequence
variation in the chloroplast DNA (cpDNA) (Despres et al., 2003). This
approach has proved to be very powerful at the family level through the
sequencing of coding regions such as rbcL (Chase et al., 1993).
However, low evolutionary rate of these sequences limits the power of
cpDNA for the assignment at the genus or species level (Soltis et al.,
1993). As a consequence, the relationships among closely related taxa
have been inferred using non-coding sequences (Gielly and Taberlet,
1996). However, the potential problems due to gene flow of cpDNA
among closely related taxa, as well as the lack of phylogenetic
resolution, triggered the development of new approaches based on
nuclear DNA. The most common alternative corresponds to the
sequencing of the internal transcribed spacer (ITS) of 18S-25S nuclear
ribosomal DNA (Baldwin, 1992; Yuan et al., 1996). When both cpDNA
and ITS sequencing fail to resolve phylogenies, the amplified fragment
length polymorphism (AFLP) approach has the potential to solve such
difficulties, particularly among closely related species, or at the intra-
specific level (Koopman et al., 2001; Sun, 2001; Zhang et al., 2001).
Therefore, integration of recently developed barcoding with the
techniques such as RAPD, AFLP, microsatellte and SNP seems to
provide better resolution.

DNA Barcoding of Plants

DNA barcoding is a technique for characterizing species of organisms
using a short DNA sequence from a standard and agreed-upon position
in the genome. DNA barcode sequences are very short relative to the
entire genome and they can be obtained reasonably quickly and cheaply
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(Kress et al., 2005). Recently, it was determined that about 35% of the
plant species that constitute the standing vegetation are vulnerable to
elimination because they are not represented in the seed bank of the
Red Sea area (Hegazy et al., 2009). Therefore, appropriate measures
for the preservation of plant species are urgently needed. Traditionally,
subjective methods based on the morphological methods are difficult to
apply accurately for discrimination and authentication. Particularly, in
case of medicinal plants, the use of chromatographic techniques and
marker compounds to standardize botanical preparations is also limited
because the medicines have variable sources and chemical complexity,
which is affected by growth, storage conditions and harvest times (Joshi
et al.,, 2004; Zhang et al., 2007). Nowadays it is widely accepted that
any valid plant barcode will be multi-locus, preferably existing of a
conservative coding region like rbcL, in combination with a more rapidly
evolving region, which is most likely non-coding (Kress et al., 2009). The
success of species-level assignment of plants using Basic Local
Alignment Search Tool (BLAST) (Altschul et al., 1990) with individual
barcodes was obtained with matK (99%), followed by trnH-psbA (95%)
and then rbcL (75%). Sequence of coding region rbcL and trnL-F as a
two-locus DNA barcode was recently successfully used for the
identification of NW European ferns, whereas selected locus matK for
barcoding did not work satisfactorily (de-Groot, 2011). Use of three-locus
DNA barcode resulted in >98% correct identifications of 296 species of
woody trees, shrubs and palms (Kress et al., 2009). Recently, we have
reported novel barcodes of desert plants using DNA sequencing of rbcL
and matK genes (Bafeel et al., 2011, 2012a,b,c,d)

Phylogenetic methods were also applied in recently conducted study
of barcoding species (Roy et al., 2010) using each barcode locus taken
alone and in combinations to evaluate species recovery. When all the
sequences for a given locus were considered, ITS, matK and trnH-psbA
were able to form species specific clade only in case of Berberis
pachyacantha. The clades formed in the trees were mostly mixtures of
several species. Therefore, establishing a local barcode data base will
be valuable for a broad range of potential ecological applications;
including the building of community phylogenies (Kress et al., 2009).
Morphological identification is inapplicable when studying population
biology. In such cases, barcoding is a very efficient and valuable
technique. Already, some ecologists used barcoding approach to identify
specific unknown plant sample for practical purposes (Li et al., 2009;
Van-de-Wiel et al., 2009). Ongoing development of new primers,
improvements on sequencing techniques and a lot of data that have
been emerging on barcoding of plants (Soltis et al., 1996; Plunkett et al.,
1997; Burgess et al., 2011). Recently, plant diversity below ground was
determined using rbcL gene sequences as a core plant DNA barcoding
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marker (Kesanakurti et al., 2011). New genus was also described based
on DNA sequences of the chloroplast matK pseudogene and ITS of the
nuclear ribosomal DNA (Tsukaya et al., 2011). The generation of matK
sequences for some plant groups has been reported problematic
because this part of the chloroplast genome underwent a strong
restructuring during the evolution (de-Groot et al., 2011; Duffy et al.,
2009). None of the currently existing primer sets are likely suitable for all
lineages of land plants (Roy et al., 2010; Li et al., 2009; Hollingsworth et
al., 2009) and efforts are now focusing on the development of complex
primer assays to achieve reliable amplification and sequencing of matK
in land plants.

Plant DNA Extraction

DNA extraction is the first step before proceeding for DNA sequencing.
Most of the plant DNA isolation methods including commercial kits
require grinding of the plant material in liquid nitrogen. Any tissue
immersed in liquid nitrogen instantly becomes brittle solid to facilitate
crushing into powder, with an additional advantage of maintaining the
tissue at low temperature. However, the grinding step in liquid nitrogen
may be omitted for soft, easy-to-grind plant materials (Lin and Ritland
1995). To avoid the problems related with the preservation and use of
liquid nitrogen, acid-washed sand or glass powder were used for
grinding the leaves of date palm (Ouenzar et al., 1998). DNA has also
been extracted using sand from many genera of rain forest plant species
(Scott and Playford, 1996). The highly versatile cetyl trimethylammonium
bromide (CTAB) method has been used for the extraction of DNA from
various plant materials (Doyle and Doyle, 1990). There are three main
contaminants associated with plant DNA that can cause considerable
difficulties when conducting PCR experiments: polyphenolic compounds,
polysaccharides and RNA. Inclusion of sodium chloride (NaCl) with the
lysis buffer has been used for removing polysaccharides (Fang et al.,
1992). Similarly, polyvinylpyrrolidone (PVP) has been recommended for
removal of polyphenolic compounds (Maliyakal et al., 1992). Recently, a
combination of NaCl, PVP and LiCl has been used with the CTAB
method for the isolation of genomic DNA from coniferous tissues
(Barzegari et al., 2010). However, the individual effects of NaCl, PVP
and LiCl as well as their typical combinations have not been tested for
optimal isolation of genomic DNA from plant tissues. Arif et al. (2010)
examined the individual and combined effects of NaCl, PVP and LiCl in
conjunction with the basic CTAB protocol for extraction of DNA from date
palm leaves. They observed that grinding of date palm leaves with sterile
sand and inclusion of NaCl (1.4 M) in the lysis buffer without the costly
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use of liquid nitrogen, PVP and LiCl, provides a DNA yield of sufficient
purity, suitable for PCR amplification and subsequent use. However, for
routine DNA extraction from plant tissues, commercial kits are commonly
used with the aid of automated nucleic acid extraction system (Figure
1a)

Amplification of barcoding genes using PCR

A simple PCR protocol for the amplification of rbcL and matK genes is
given here. A total volume of 30 pL of PCR master mixture contained the
following: 15 pL of FideliTaq (USB Corporation, Cleveland, OH) or any
other brand of PCR Master Mix, giving a final concentration of 200 uM of
each four deoxynucletides and 1.5 mM MgCl,, 1 uyM (each) primer, 25-
500 ng of genomic DNA of plant sample and the rest was adjusted with
sterile distilled water. The primer sequences are as follows: rbcLaF
(5°'ATG TCA CCA CAA ACA GAG ACT AAA GC 37); rbcLaR (5" GTA
AAA TCA AGT CCA CCR CG 3"); rbcL1F (5" ATG TCA CCA CAA ACA
GAA AC 3); rbcL724R (5" TCG CAT GTA CCT GCA GTA GC 3");
matkK2.1F (5 CCT ATC CAT CTG GAA ATC TTA G 37); matk5R (5
GTT CTA GCA CAA GAA AGT CG 3'); matK390F (5" CGA TCT ATT
CAT TCA ATA TTT C3’); matK1326R (5° TCT AGC ACA CGA AAG
TCG AAG T 3").

PCR amplification is performed using a thermal cycler (Figure 1b) as
follows: 95 °C for 1 min, followed by 35 cycles of 95 °C for 30 sec, 50 °C
(matK 2.1F-matk 5R) for 30 sec and 68 °C for 1 min, followed by an
elongation step at 68°C for 5 min. All the PCR-conditions are the same
for all the primer-pair except the annealing temperatures which are as
follows: 45°C for matK 390F - matK 1326R, 51°C for the rbcL aF — rbcL
aR and 48°C for rbcL 1F — rbcL 724R. A long (20 x 14 cm) 1% agarose
gel using 1x TAE buffer containing 0.5 pyg/mL ethidium bromide is used
for electrophoresis of PCR products. Gel images of the amplified bands
are obtained using gel documentation and imaging system (Figure 1c)
while their sizes (base pairs) are determined using a marker (standard)
such as a100-bp ladder (GE Healthcare). A representative view of gel
image showing the amplified bands of rbcL and matK genes is given in
Figure 2. The PCR products need to be purified using Qiaquick (Qiagen)
or a similar PCR purification kit before proceeding for DNA sequencing.

The optimal setting of PCR conditions plays a crucial role in obtaining
desired amplified products and thereby a successful barcoding,
especially for plants (Jones et al., 1997). In terms of absolute
discriminatory power, promising results occurred in liverworts using rbcL
alone (90% species discrimination) (Hollingsworth et al., 2009). These
failures appear to arise because some specimens produce poor quality
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DNA, although cannot rule out the possibility of the primer mismatch,
particularly for matK (Burgess et al., 2011). Some of these attributes of
matK may have discouraged researchers from using matK sequences in
broad studies such as overall angiosperm relationships. Another reason
for infrequent use of matK at broad levels may be that taxon-specific
primers are usually required (Hilu et al., 2003). In our recent study,
sequencing was 100% successful (16/16 samples) for rbcL when we
used both forward and reverse primers however the sequence success
was only 75% (12/16 samples) for matK gene (Bafeel et al., 2010d).
These findings corroborated with de-Groot et al. (2011) that rbcL
amplification is unproblematic and successful for all samples. Recent
study (Burgess et al., 2011) on 436 species in 269 genera of land plants
of temperate region also showed that sequencing success was highest
for rbcL (91.4% of the total samples examined).

Fig. 1: Instrumentation setup for DNA sequencing (a) automated nucleic
acids extraction system, (b) thermal cycler, (¢) gel documentation and
imaging system and (d) automated DNA sequencer.
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Fig. 2: Agarose get electrophoretogram showing bands of PCR amplified
products of rbcL and matK universal primers. M, marker 100 bp ladder;
arrows indicate the 800 bp size of the marker; Lanes 1-26 are different
plant species.

Sequencing techniques includes any method or technology that is used
to determine the order of the four nucleotides, A, G, C and T in a strand
of DNA. The first DNA sequences were obtained in the early 1970s using
laborious methods based on radiolabelled reagents and two-dimensional
chromatography that was later replaced by polyacrylamide gel
electrophoresis. Following the development of fluorescence-based
sequencing methods with automated capillary electrophoresis, DNA
sequencing has become much easier and faster (Pettersson et al.,
2009). In the following text, we summarized both the conventional as
well as next generation sequencing techniques.

The commonly used dye-terminator sequencing technique is the
standard method for automated sequencing analysis (Olsvik et al.,
1993). The dye-terminator sequencing method, supported by automated
medium- to high-throughput DNA sequencers (Figure 1d) is being used
for a vast majority of sequencing work. The basic technique related with
dye terminator sequencing and phylogenetic analysis is illustrated in
Figure 3. Dye-terminator sequencing utilizes labeling of the chain
terminator dideoxynucleotides (ddNTPs), which allows sequencing in a
single reaction, rather than four reactions as in the previously used
labeled-primer method. In dye-terminator sequencing, the four ddNTPs
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chain terminators are labeled with four different fluorescent dyes, each
with a different wavelength of fluorescence emission.

The main advantages of this technique are its robustness, automation
and greater accuracy (>98%). However, the limitation of this technique
includes dye effects due to differences in the incorporation of the dye-
labeled chain terminators into the DNA fragment. Such incorporation of
dye may result in unequal peak heights and shapes in the electronic
DNA sequence electrophoretogram after capillary electrophoresis.
Another limitation is its inability to sequence longer segments though it
can reliably sequence up to approximately 900 nucleotide long DNA
fragments in a single reaction. The advent of new generation sequencers
with solid state chemistry has significantly overcome the inherent
problems associated with previous models of sequencers.

The sequencing reaction protocol using BigDye Terminator Cycle
Sequencing kit (Applied Biosystems, USA) is simple and straightforward
and summarized in the following text. Prepare a 20 pl of reaction
mixture by adding 10-50 ng of template DNA (amplified product), 3.2
pmol primer (forward or reverse), 4 yl Terminator Ready Reaction Mix,
and 2 pl BigDye Sequencing Buffer to nuclease free distilled water in a
PCR tube or microplate well. Mix well the contents and spin briefly. Place
the tubes or microplate in a thermal cycler and perform an initial
denaturation at 96 °C for 1 min. Repeat the following conditions for 25
cycles: 96 °C for 10 s; 50 °C for 5 s; 60 °C for 4 min and then hold at 4
°C until ready to purify. After purification (removal of unincorporated
terminators) of sequencing products using either commercial kits or
ethanol/EDTS/sodium acetate precipitation, proceed for injecting the
purified products into the automated DNA sequencer. A representative
electrophoretogram obtained from the automated genetic analyzer is
shown in Figure 4.

Next Generation Sequencing

The new generation sequencing (NGS) is based on non-Sanger based
sequencing technology that has been evolving on its promise of
sequencing DNA at unprecedented speed, thereby enabling
impressivescientific achievements and novel biological applications. Next
generation platforms do not rely on Sanger chemistry (Sanger et al.,
1997) as did the first generation machines used for the last 30 years
(Schuster, 2008). The first of this kind of 2nd generation of sequencing
technique appeared in 2005 with the landmark publication of the
sequencing-by-synthesis technology developed by 454 Life Sciences
(Margulies et al., 2005) based on pyrosequencing (Ronaghi et al., 2006;
Nyrén, 2007). Commercial 2nd generation sequencing methods can be
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distinguished by the role of PCR in library preparation. There are four
main platferms; all being amplification-based: (i) Roche 454 GS FLX, (ii)
llumina Genome Analyzer llIx, (iii) ABl SOLID 3 Plus System and (iv)
Polonator G.007 (Lerner and Fleischer, 2010). Common principles of
these second generation sequencing techniques are illustrated in Figure
5.

Template DNA

[ | |
S Targetgene
Forward primer ‘PCR
F—

e
Reverse primer

.r PCR product of the target gene
L]

Cycle sequencing PCR
(4 dNTPs + 1 ddNTPX)

Primer
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—%
»
» %
‘ Automated sequencing
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Align and create consensus sequence

Compare consensus sequence to database-sequence

Phylogenetic analysis

Fig. 3: Schematic presentation of DNA sequencing of a specific gene for
application in phylogenetic analysis.
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Fig. 4: Electrophoretogram aobtained from the sequencing run on the ABI
PRISM 3130XL automated sequencer.
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Fig. 5: A flow diagram showing the principles of next-generation
sequencing.

These techniques have made it possible to conduct robust population-
genetic studies based on complete genomes rather than partial
sequences of a single gene. Rapid progress in genome sequences of
various plant species through next generation sequencing will further
extend our understanding how genotypic variation translates into
phenotypic characteristics. A comparative genomic approach is
extraordinarily useful for identifying functional loci related to
morphological, geographical and physiological variation, and thus next
generation sequencing technology will enable us to better understand
the process of plant evolution.

In conclusion, DNA sequencing is a process of determining the
sequential arrangement of the four nucleotides in a target gene. Recent
advancements in the solid state sequencing chemistry have made it
possible to accurately sequence even the whole genomes. However, for
most purposes, florescence chemistry based automated sequencers are
commonly used in most laboratories.
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One of the important applications of DNA sequencing is identification
of species using barcoding genes. A combination of rbcL and matK
genes has been recommended for barcoding of plant species. Although
the currently available primers for rbcL and matK perform satisfactorily
for most of the plant species, they fail to amplify these segments in
certain cases. Thus, there is a need to discover more efficient and
robust primers for a broader coverage of plant species.
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13 In Silico Approach for
Phylogenetic Analysis

A. Bhattacharjee

Introduction

Phylogenetic analysis of DNA or protein sequences is a vital tool in every
field of modern molecular biology today for understanding the
evolutionary relationship among different taxa (Kingdoms, Phyla,
Classes, Families, Genera and Species etc.). Phylogenetic analysis also
plays a significant role in understanding the adaptive evolution at the
molecular level (Chandrasekharan et al., 1996; Jermann et al., 1995)
and provides answer to the evolutionary pattern of mutigene families
(Atchley et al., 1994; Goodwin et al., 1996). This is also an important tool
in understanding the mechanism of maintenance of polymorphic alleles
in populations (Figueroa et al., 1988). Other equally significant
applications of this tool include classification of metagenomic sequences
(Brady and Salzberg, 2011), identification of genes, regulatory elements
and non coding RNAs in novel genomes (Kellis et al., 2003; Pedersen et
al., 2006). With a parallel growth in the experimental sequencing
techniques such as Next Generation Sequencing (NGS) technologies,
the amount of data generated has increased manifold which
necessitates the development of more rapid and robust methods for
molecular phylogenetic analysis.

A phylogenetic tree is an estimate of the relationships among taxa
and their hypothetical ancestors (Nei and Kumar, 2000). It is essentially
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a tree containing nodes that are connected by branches. Each branch
represents the evolution of genetic lineage through time and each node
corresponds to the birth of a new lineage. There are two types of trees
which are typically found: e.g. (1) rooted trees- which have different
nodes emanating from a single node, and (2) unrooted tree- those which
do not originate from one single node) (Figure 1). PAUP (Swofford,
2002), MrBayes (Huelsenbeck and Ronquist, 2001), Bayesian
evolutionary analysis sampling trees, BEAST (Drummond and Rambaut,
2007), PhyML (Guindon and Gascuel, 2003), Genetic algorithm for rapid
likelihood inference GARLI (Zwickl, 2006), Tree analysis using new
technology TNT (Goloboff et al., 2008) and MEGA5 (Tamura et al.,
2011) are some phylogenetic programs used for phylogenetic tree
construction.

e
B/ \D

Fig.1: Schematic representation of a) unrooted and b) rooted tree.
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Today most phylogenetic tree is constructed using molecular data
such as DNA or protein sequences. Construction of a phylogenetic tree
typically involves following four different steps:

i. Identification and retrieval of a set of homologous DNA or protein
sequences

ii. Multiple sequence alignment of these sequences

iii. Estimation and validation of tree from the aligned sequences

iv. Analysis of the tree

Tree building methods

Phylogenetic tree building methods can be categorized into two types-
character based method and distance based method. In character based
methods such as Maximum Likelihood, Maximum Parsimony and
Bayesian Inference methods etc. simultaneously compare all the
sequences taking one character at a time to determine score for each
tree. The tree score for Maximum Parsimony is the minimum number of
substitution or mutations, posterior probability for Bayesian method and
log -likelihood value for Maximum Likelihood method. In distance based
methods such as unwieghted pair group method using arithmetic
averages (UPGMA), Neighbor Joining and Fitch and Margoliash
algorithms etc. the distance between every pair of sequences is
calculated and the resulting distance matrix is used to construct the tree.

Distance based methods

Pairwise sequence distance is calculated using Markov chain model of
nucleotide substitution such as HKY85 (Hasegawa et al., 1985) model,
JC69 model (Jukes and Cantor, 1969), K80 model (Kimura, 1980) etc.
Each model differs in its assumptions of the rate and frequency of
substitution between any pair of nucleotides.

Least-squares method
It computes the minimum sum of the squared distances between the

observed pairwise distances (dij) and estimated pairwise distances (d"ij)
(Fitch and Margoliash, 1967).
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Optimizing branch lengths (or d"ij) yields score Q for the given tree, and
the tree with the smallest score is the least squares estimate of the true
tree. The minimum evolution method relies on the tree length (which is
the sum of branch lengths) instead of Q for tree selection (Rzhetsky and
Nei, 1992). According to the minimum evolution criterion, shorter trees
are more likely to be correct than longer trees. The most widely used
distance based method is the neighbor joining method (Saitou and Nei,
1987). It uses a cluster algorithm and operates by beginning with a star
tree and successively choosing a pair of taxa to join together until a fully
resolved tree is obtained (Figure 2). The taxa to be joined are selected in
such a way as to minimize an estimate of tree length (Gascuel and Steel,
2006).

(H
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Fig. 2: The Neighbor joining algorithm. It begins from a star tree having
eight peripheral nodes (A through H) and a central root X. two nodes A
and B are joined together reducing the number of nodes by one at root
X. This process is repeated until a fully resolved tree is obtained.

One of the major advantages of distance based method is that they
are computationally much faster as it uses cluster algorithm so need not
have to compare many trees under optimal criterion. For this reason
distance based methods such as Neighbour Joining is useful for large
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data sets which have low sequence divergence. The disadvantage of
this method is its sensitivity to gaps in the alignment (Bruno et al., 2000)
and performs poorly for more divergent sequences because of large
sampling errors due to large distances.

Maximum Parsimony

This method minimizes the number of changes on a tree by assigning
character state to interior nodes on a tree. The character length is the
minimum of changes required for that site whereas tree score is the sum
of character lengths of all the sites. The maximum parsimony method
generates a tree that minimizes the tree score. But not all sites are
useful for comparison by maximum parsimony method. For example if
the same nucleotide repeats in all the species at a particular site then it
will be assigned a character length zero. Such sites are called constant
sites. Secondly, in a singleton site, only one species has a distinct
nucleotide and all others have same nucleotide is also less significant for
the study as character length is always one.

The advantages of this method are its simplicity, amenable to
extensive mathematical analysis and easy to understand. The major
pitfalls of this method are its lack of explicit assumptions which makes it
difficult to incorporate any knowledge of sequence evolution in tree
construction. It also suffers from a problem known as Long Branch
attraction (Felsenstein, 1978).

Maximum Likelihood

Maximum likelihood was developed by R.A. Fischer in 1920 as a
statistical tool to estimate unknown parameters in a model (Aldrich,
1997). Subsequently the first algorithm for Maximum Likelihood analysis
of DNA sequences was made by Felsenstein (Felsenstein, 1981). This
method has been implemented in the software for producing realistic
models of sequence evolution. There are two optimization steps involved
in Maximum Likelihood tree estimation are: (1) optimization of branch
lengths to evaluate the tree score for each candidate tree, and (2) search
in the tree space for Maximum Likelihood tree.

The advantages of this method include its reliability in understanding
the sequence evolution and its assumptions are explicit so that it can be
evaluated and improved. The drawbacks of this method include poor
statistical properties if the model is underspecified and the tree search
process is computationally demanding.
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Bayesian Method

Bayesian method was introduced in phylogenetic analysis in the late
1990s (Rannala and Yang, 1996; Yang and Rannala, 1997). The early
methods rely on molecular clock assumption but gradually more efficient
Markov chain Monte Carlo (MCMC) algorithm were developed that
eliminate the clock assumption and the release of the program MrBayes
(Huelsenbeck and Ronquist, 2001) made the method widely used in
molecular systematists. Bayesian inference is based on Bayes’s
theorem, which can be expressed as

P(T,0)P(D|T.,6)

P(T.0|D) = DDy e (2

Where P(T,0) is the prior probability for tree T and parameter 6, P(D|T,6)
is the likelihood or probability of the data given the tree and parameter,
and P(T,0|D) is the posterior probability. The denominator P(D) is a
normalizing constant, as its role is to ensure that P(T,6|D) sums over the
trees and integrates over the parameters to one. The theorem states that
the posterior is proportional to the prior times the likelihood, or the
posterior information is the prior information plus the data information
(Yang and Rannala, 2012).

The advantages of this method include use of realistic substitution
models, as in maximum likelihood, prior probability allows the
incorporation of information or expert knowledge and posterior
probabilities for trees and clades have easy interpretations. The
drawbacks of this method include Markov chain Monte Carlo (MCMC)
uses heavy computation and in large data sets, MCMC convergence and
mixing problems can be difficult to locate (Yang and Rannala, 2012).

Felsenstein’s Bootstrap test for tree evaluation methods

One of the most widely used method to check the reliability of an
expected tree is Felsenstein’s (Yang, 1994) bootstrap test (Figure 3). In
this test, the reliability of an inferred tree is evaluated using Efron’s
(Yang, 2006) bootstrap resampling technique. A set of nucleotide or
amino acid residues is randomly sampled with replacement from the
original data set, and this random set is used for constructing a new
phylogenetic tree. This process is repeated several times, and the
proportion of replications in which a given sequence cluster-
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-appears is computed. If this proportion is high (>0.95) for a sequence
cluster, this cluster is considered to be statistically significant (Yang and
Rannala, 2012).
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Life History Barcoding of
Daucus carota

O. Toldi, S. Sorvari, K. Toth-Lencsés, L. Kovacs,
A. Kerekes, A. Mendel, Zs. Téth and G. Gyulai

Introduction

Tools of plant biotechnology have been found to be useful for monitoring
the developmental pathways of plant ontogenesis induced in vitro.
Large-scale micropropagation technologies were developed to obtain
huge numbers of true-to-type regenerants by the elimination of
somaclonal variants. In practice, however, the genotype identity of the
regenerated plants was often doubtful due to the genetic instability of in
vitro cultured explants (Larkin and Scowcroft, 1981; Karp, 1991; Gyulai
et al.,, 2003). The most frequently reported genetic variation of the
somaclones comprised polyploidy (Caligari and Shohet, 1993),
aneuploidy (Geier et al., 1992), haploidy (Nuti Ronchi et al., 1992ab),
chromosome rearrangements (Karp, 1991), single gene mutations
(Miller et al., 1990), gene copy number alterations (Landsmann and
Uhrig, 1985), and cytoplasmic genetic variations. Apart from these
genetically irreversible mutations, reversible genetic changes were also
obtained such as growth regulator-dependent dis- and rearrangements
of repetitive DNA sequences, and changes in RAPD patterns. This
Chapter describes a combination of methods by which both the
reversible and irreversible genetic variations could be detected by means
of RAPD and Flow cytometry.
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Plant material, culture conditions and life-history sampling

Surface-sterilized and in vitro-germinated carrot (Daucus carota cv.
‘Nantes Duke’) seeds were used to induce somatic embryogenesis.
Hypocotyl sections of the seedlings were cut and inoculated in liquid MS
medium (Murashige and Skoog, 1962) in the presence vs. absence of
1.0 mg L' 24-D. The 2,4-D - induced hypocotyls (code H2) were
analyzed together with non-induced hypocotyls (code H1) and epicotyls
(code C2) as well. The 2,4-D induced hypocotyl segments were removed
after a sufficiently dense embryogenic suspension culture was formed in
liquid MS medium containing 1.0 mg L' 2,4-D. Young proembryogenic
suspensions (code P1) were incubated for 35 days and the old
proembryogenic suspensions (code P2) were incubated for 115 days
under the same conditions. To induce embryogenesis and synchronize
the cultures, cells taken from a proembryogenic culture (P1) were
mechanically fractionated and maintained in growth regulator-free liquid
MS medium. Suspensions at the stage of heart-torpedo embryo (code
E1) were obtained 15 days after the withdrawal of the 2,4-D. Elongated-
torpedo stage embryos (code E2) developed 35 days after the
withdrawal. For plant regeneration, the maturated embryo cultures were
placed in the dark without subculturing and shaking. The morphologically
normal plantlets (code IV2) were selected and potted in the greenhouse
as RQ regenerants for further analysis. The morphologically abnormal
plantlets (code 1V1) with undetermined polarity and reduced apical
dominance were also examined. Besides these morphological
alterations, the most important difference between the IV1 and V2
plantlets were that the IV1 plantlets were unable to develop into plants
under in vitro and/or in vivo conditions (Table 1).

Flow cytometry of nuclear DNA analysis

DNA extraction for RAPD analysis and nucleus isolation for Flow
cytometry were carried out from a part of the given culture, while the rest
was used for further stages of the tissue culture process (Table 1). Cell
nuclei from leaf, epicotyl and hypocotyl tissues were isolated
mechanically, as described by Dolezel et al., (1989). Approximately 10
mg tissues were chopped with a scalpel in a glass petri dishes
containing 2 ml lysis buffer LBO1 (pH 7.5) supplemented with 2 pg/ml
DAPI. Settled suspension cells were resuspended in lysis buffer LB02
and left at room temperature for 15 min. The cell nuclei were released
from the cells by syringing twice through a 25-gauge needle. Cell
fragments were filtered through a 21 ym nylon filter and kept on ice until
the analysis. The Flow cytometer was adjusted so that the diploid-like
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peak of the nuclei isolated from the control carrot plant should be on
channel 100. Flow cytometric measurements were performed with a
Partec CA-ll computerized compact flow cytometer. The amounts of
nuclear DNA were calculated on the basis of the areas under the plotted
graphs analyzed by SIS Soft Imaging Software.

Table 1: Sampling of carrot (Daucus carota cv. ‘Nantes Duke’) for
monitoring tissue culture systems by stage-to-stage development using
RAPD and Flow Cytometry. The DNA extraction and cell nuclei isolation
were carried out from a part of the cultures, and the rest was used for
further tissue culture process. Liquid (LM) and agar solidified (SM) media
were used in vitro with and without 2,4-D supplementation.

Life-history sample sets Treatment types
N1 - seedling for control in vivo, greenhouse
N2 - seedling for control conditions

C2 - epicotyls excised

H1 - hypocotyls (non-treated) in vitro, hormone-free LM

H2 - hypocotyls (treated)

P1 - young proembryogenic suspension | in vitro, LM + 1.0 mg/l 2,4-D

P2 - old proembryogenic suspension

E1 - young embryo suspension

E2 - old embryo Suspension in vitro, hormone-free LM

IV1 - somatic embryo derived abnormal
plantlets

IV2 - somatic embryo derived true-to-type in vitro, hormone-free SM

plantlets (S1-S12)

Total DNA was isolated from approximately 1g of plant materials. The
extracted DNA was treated with RNAase A (10 mg/ml) for 1h at 37 °C.
The DNA was then extracted again with phenol/chloroform/isoamyl
alcohol (25/24/1; vlvlv), following isopropanol precipitation and 70%
ethanol wash. The pellet was dissolved in 50 pl sterile ddH,. The final
concentration of DNA (20 ng pl™') was measured by Hoefer TKO-100
fluorimeter.

Forty 10-mer RAPD primers (kits A, B from Operon Technologies,
Almeda, California) were used for PCR amplifications. RAPD reactions
were performed in a volume of 50 pl containing 100 ng of extracted DNA,
1.0 uM of primer, 200 uyM of dATP, dTTP, dGTP, dCTP (Pharmacia),
1/10 volume 10xPCR-buffer (Boehringer Mannheim). Taq DNA
polymerase (Boehringer Mannheim) concentration was 3.0 units per
sample. For the RAPD cycling conditions, samples were first heated to
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94°C for 3 min. before entering a 40-cycle PCR procedure of 94°C for 1
min., 36°C for 2 min. and 72°C for 3 min., followed by 72°C for 5 min.
and closed at 4°C. Amplifications were carried out using a PCT-100/60
thermal cycler (MJ Research Inc). Amplified DNA fragments were
separated by gel electrophoresis at 100V for 7h in a 1.5-2% agarose gel
with a TBE buffer. Gels were stained with ethidium bromide and
fragment patterns were photographed under UV light for further analysis.
RAPD patterns were analyzed by the restml/ program of the PHYLIP 3.5¢
software package. The mean band number (mbn) for each sample was
calculated.

The RAPD and Flow cytometry techniques have already been used to
study the genotype identity of the tissue-culture-originated regenerants
(Wyman et al., 1992; Jacq et al., 1993; Isabel et al., 1993; Brown et al.,
1993; Mityko et al., 1995; Taylor et al., 1995; Gyulai et al., 2000). Since
among the RQ plants a wide range of aberrations were found
simultaneously, here we found that the combined application of RAPD
and Flow cytometry is useful to eliminate the aberrant regenerants.
RAPD barcoding was found to detect changes in the DNA sequences
(Tingey and del Tufo, 1993), and ploidy level differences was also
detected by flow cytometry (Dolezel et al., 1989). The whole process of
somatic embryogenesis was also screened to investigate whether it is
possible to detect genetic aberrations (Smith and Street, 1974; Nuti
Ronchi et al.,, 1992a,b) either with chromosome counting and DNA-
microdensitometry or detecting of changes in the number of the
repetitive DNA sequences (Arnholdt-Schmitt, 1995).

RAPD of the somatic embryo originated carrot plants

The genotype identity of 35 RQ carrot plants regenerated through
somatic embryogenesis (Figure 1, lanes S1-S12) was tested in the
control of 5 seed-derived carrot plantlets germinated in vitro without
using plant hormones (samples N1 and N2). For gene modified control,
T-DNA-inserted carrot plants (T1 and T2) were used, which were
developed by genetic transformation. Tobacco (Nicotiana tabacum) plant
(C3) as a taxonomically non-related species was also included. PCR
amplifications were obtained with all the 40 primers, which resulted in 2-
23 bands per primer (Figure 2). In 39 cases, homogenous genotype
identity was detected in both the control and the somatic-embryo-
originated carrot plants (control tobacco always showed a different band
pattern). One primer, the OPB-11 (5-GTAGACCCGT-3), resulted in a
different band pattern of carrot somatic embryos (besides the tobacco)
(Figure 1-2).
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Mw N; N, ona- 8, S, 8; 8, S5 S; S; S S; S5 S|4 Sy, Tag Ty T, Tobac. Mw

Fig. 1: Samples of RAPD (OPB-11) patterns of carrot (Daucus carota)
tissue cultures not treated with 2,4-D. Lanes follow the developmental
stages (Table 1). Lanes Mw - size marker (Kbp), lambda phage DNA
digested with Pstl (Kbp). Lanes N1 and N, — carrot samples (Table 1) of
a life-history cultures. Lane DNA™ - no-template DNA. Lanes S; to S, -
carrot plantlets regenerated via somatic embryo genesis. Lane Taq - no-
Taq DNA polymerase. Lanes T, and T, - T-DNA-inserted transgenic
carrot controls. Lane Tobac. - tobacco (Nicotiana) control plants.

Mw N - C2 H1 H2 P1 P2 E1 E, IV, 7ag- N, . Mw

s — — —
-----.--- —
M e g——— P—

Fig. 2: Samples of RAPD (OPB-11) patterns of stage-to-stage carrot
(Daucus carota) tissue cultures treated with 2,4-D. Lanes follow the
developmental stages (Table 1). Lanes Mw - size marker (Kbp) of
lambda phage DNA digested with Pstl (Kbp). Lane DNA" - no-template
DNA. Lane Taq - no-Tag DNA polymerase. Lanes N1 and N2 -
individual carrot seedlings. Lanes N, to IV2 and N, — carrot samples of a
life-history cultures (Table 1).
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Classification of the carrot tissue culture system by RAPD and flow
cytometry

Fifteen primers (OPA-01, OPA-08, OPA-12, OPA-16, OPA-17, OPA-19,
OPA-20, OPB-01, OPB-02, OPB-03, OPB-05, OPB-11, OPB-12, OPB-
16, OPB-18) were randomly chosen from the 40 primers showing
homogenous uniformity during the genotype identity test of the 35 RQ
plants (Figure 1. S1-S1,). Both the epicotyl (C2) and the non-treated
hypocotyl (H1) culture, as well as the morphologically normal
regenerants (IV2) showed band patterns corresponding to the seedling
controls (N1 and N2).

During dendrogram analysis, samples of N1, C2, H1, IV2 and N2
incubated in the absence of 2,4-D was chosen to be the root of the
similarity tree as a standard (Figure 3). In this sense, the cultures
incubated with 2,4-D (H2, P1 and P2) represented the top of the
dendrogram. Between these two main sample groups, embryo cultures
(E1 and E2) and deviant plantlets (IV1) belonging to an intermediate
group were found. Based on the band pattern analysis by the restml
program of PHYLIP 3.5c, the cell and tissue samples of somatic
embryogenesis of the carrot could be divided into proembryogenic (H2,
P1 and P2), embryogenic (E1 and E2) and plant regeneration (IV1 and
IV2) phases (Figure 3). We have stated that the mean band number
(mbn) of the samples N1, C2, H1, IV2 and N2 was the same 11.33
bands (Table 2).

P2
P1 P4
E1 H2
H2
E2
P2
E1
1
1 E2
H1 C2 H11V2 N2 N1 C2 H1 IV2 N2

Fig 3: Classification of stage-to-stage fingerprinted carrot (Daucus
caroftta) tissue culture system (Table 1) by restml program of PHYLIP
3.5c. The distances among the samples are proportional to the RAPD
pattern differences. The root of the dendrogram was fixed to the samples
of N1, C2, H1, IV2 and N2 treated with (a) and without (b) 2,4-D.
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Within the group of samples incubated in the presence of 2,4-D, the
mbn corresponds to the H2 and the P1 (20.0 bands) and a little less in
the case of P2 proembryogenic cultures (18.66 bands). In the
intermediate sample group, the mbn gradually decreased (E1=17.0
bands; E2=15.66 bands; 1IV1=13.66 bands) as far as the 11.33 band
value of in vitro-regenerated plantlets (IV2), which corresponded to the
parameters of the individual controls (N1 and N2) and the starting tissue
cultures (C2 and H1). In each case, the increased mbn characteristic of
the 2,4-D-induced (H2, P1 and P2) and the intermediate (E1, E2 and
IV1) samples appeared in a way that the band pattern of these samples
included all the bands of those of N1, C2, H1, IV2 and N2 samples with
some extra bands.

The possible anomalies due to the different ploidy levels were tested
by flow cytometry. No DNA content differences were found between the
in vitro-treated RQ and the non-treated seed derived plants (Figure 4A).
Similar to the controls (N1 and N2), the epicotyl (C2) and the non-
induced hypocotyl (H1) cultures showed a diploid-like DNA content
(Figure 4A, Table 2). A common characteristic of the cultures incubated
with 2,4-D (H2, P1 and P2) was the coexistence of haploid-like (58.3-
64.9% of the cells), aneuploid-like (24.9-30.9% of the cells) and diploid-
like (10.2-10.8% of the cells) cell lines (Figure 4B-lll, Table 2). After the
withdrawal of 2,4-D, the haploid-like cell line was selected from the
tissue culture (E1=28.1%, E2=0%, IV1=0%, 1V2=0%) as well as the
aneuploid-like cell line (E1=45.4%, E2=0%, IV1=0%, 1V2=0%) (Figure
4B-V, Table 2). At the same time the diploid-like cell line gradually
became dominant (E1=26.5%, E2=88.8%, 1V1=88.8%). In the case of
the E2 and the IV1 cultures 11.2% of the cells were tetraploid-like, which
were later turned back to have diploid-like DNA contents in the
regenerated plants (IV2). These regenerated plants showed the same
DNA contents as the individual control plants (Figure 4A, Table 2).

Conclusions

The dedifferentiated cell cultures of carrot were found to be mixoploid
with co-existence of cell lines with different ploidy levels. It was detected
by chromosome counting and DNA-microdensitometry in callus, cell
suspension and embryo cultures (Smith and Street, 1974; Nuti Ronchi et
al.,, 1992a,b). The genetic basis of this phenomenon is based on the
irregular cell-divisions (Nuti Ronchi et al., 1992a,b), and the reversible
changes in the proportion of the repetitive DNA sequences (Arnholdt-
Schmitt, 1995). In this latter case there was an important observation
that, despite the chromosome number of a cultured cells are diploid, the
DNA content can be reduced to one third volume at the proembryogenic
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cultures of carrot due to the effect of 2,4-D (Fujimura and Komamine,
1982) used in tissue culture. This result indicates that the 2n
chromosome number does not mean automatically that these samples
have also the same DNA contents. Therefore, we have used new terms
(haploid-like, aneuploid-like, diploid-like, tetraploid-like DNA contents) for
describing the DNA contents of our samples (Table 2). In spite of the
above mentioned data, the DNA contents of the regenerated carrots
showed a high uniformity and tru-to-type identity (Figure 4A, Table 2),
because only the diploid-like cell lines carry in vitro regeneration ability
(Smith and Street, 1974).

Tissue cultures were monitored by RAPD in black spruce (Isabel et
al., 1993), Triticum tauschii callus and suspension cultures (Brown et al.,
1993) and sugarcane protoplast derived callus (Taylor et al., 1995). Our
examinations were focused on the whole life-history of the cultures,
which approach was based on the assumption that if the RAPD patterns
of the samples were identical (belonging to the same genotype: Figure
1), than the culture-specific RAPD pattern should also be the same
(lanes N1 and N2 to lane C2, H1 and IV2) (Figure 2). The mutagenic
effect of the growth regulator 2,4-D, and the mixoploidy caused by 2,4-D
dependent abnormal cell divisions are well studied (Nuti Ronchi et al.,
1992a,b). In the present case, the different RAPD patterns in the
proembryogenic (H2, P1 and P2) and embryo suspensions (E1 E2), as
well as in the morphologically deviant regenerants (IV1), were caused by
the 2,4-D treatment, since other factors of the in vitro culture had no
effect on these parameters (lanes N1 and N2 to lane C2 and H1) (Figure
2; Table 1).

On the basis of the present studies, a hypothesis was developed
about the reversible genetic changes during carrot tissue culture
detected by RAPD and flow cytometry. The cell divisions initiated by 2,4-
D resulted in mutant cells with different DNA contents consisting of
haploid-like, aneuploid-like, diploid-like and tetraploid-like cells. The
culture-level RAPD barcoding showed that the 100% diploid-like starting
genotype became a mixture of different mutant and DNA containing
deviant, de novo genotypes, due to the effect of 2,4-D. The band
patterns of these deviant genotypes contained the bands characteristic
of the starting genotype and the additional extra bands of the de novo
genotypes, in each case. The omitting 2,4-D led to the advantage of the
de novo genotype, which resulted in the rearrangement with the original
DNA contents and RAPD pattern. Our hypothesis is only one of the
possible explanations. Therefore, further verification is necessary for
widening the methodological bases of molecular-level analysis of tissue
culture systems. Beside the culture-level RAPD and flow cytometry
applied, monitoring of methyl-cytosine vs. cytosine ratio (LoSchiavo et
al., 1989) as well as the simultaneous measurement of histone H1
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kinase concentration and activity may provide new insight to this

phenomena.
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Fig. 4: Flow cytometry plots of the carrot (Daucus carota) tissue culture
(Table 1) groups (l.-V.) treated with (a) and without 2,4-D. The peak of
diploid (2n) DNA volume was adjusted to the channel 100.
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In conclusion, we combined two genotype identity checking methods,
which can be suitable not only to distinguish the individuals of different
genotypes, but also to compare tissue culture systems and methods due
to its culture-level application.
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Cloning and Microsatellite
Barcoding of Black locust

G. Gyulai, T. Demku and L Waters Jr.

Introduction

Black locust, Robinia pseudoacacia (family Fabaceae) is a nitrogen
fixing, drought tolerant, hard wood, deciduous and multipurpose honey
tree, with extremely hard and rot resistant wood, possess 2n= 20
chromosome numbers (Isely and Peabody, 1984). It is native to the
southeastern United States; however, Robinia fossils were found in
Miocene flora (Middle Badenian; 14.3 to 3.8 million years BP) (Bbhme et
al., 2007) prior its extinction from Europe.

Fossilized Robinia-like trees (Robinia zirkelii) (Platen) (Miller-Stoll
and Madel), (syn.: Cercidoxylon / Robinoxylon z.; Robinia / Robinoxylon
brewerii; and Paleo-Robinoxylon z.) were found in several sites in North
America from Late Eocene (Chadronian; 38 — 33.9 million years BP)
Nebraska, USA (Wheeler and Landon, 1992). Petrified woods of
Robinia alexanderi (Webber) and R. breweri (Prakash, Barghoorn and
Scott) were also identified, but all of these samples were considered
today to be R. pseudoacacia (Lawrence et al., 1977), which indicates the
genome stability of Robinia without morphological changes during the
last ten millions years of evolution.

Old plant varieties, heirlooms and rare species are threatened by
extinction due to reasons of changes in environmental conditions, falling
below the minimum viable population and over cultivation. Conservation
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genetics provides effective tools of micropropagation to produce a large
number of identical clones. As the clones develop from somatic
meristems or organs the genome (DNA) remains identical in each clone
(Bhojwani and Razdan, 1996).

Natural cloning shows the importance and evolutionary success of
clonal propagation. The Trembling Giant’ is a clonal colony of a single
male quaking aspen (Populus tremuloides), which was determined to be
a single living organism with an estimated 80,000 years old age, an
estimated total weight of 6 million kg, and an assumed one massive
underground root system (Utah, USA). Natural clonal propagation of
monocot see grasses (e.g. Posidonia oceanica and Cymodocea nodosa)
also shows the ability to span life time to 100.000 years (Sandoval-Gil et
al., 2014).

The small genus Robinia comprises a limited numbers of species and
hybrids, such as R. boyntonii, R. elliottii, R. Hartwigii, R. hispida (bristly
locust), R. kelseyi, R. luxurians, R. nana, R. neomexicana (New
Mexican locust), R. pseudoacacia (black locust, false acacia), R.
viscosa (clammy locust), R. zirkelii; and the hybrids: Robinia x ambigua
(R. pseudoacacia x R. viscosa) (Idaho locust), Robinia x holdtii (R.
neomexicana * R. pseudoacacia, Robinia % longiloba (R. hispida * R.
viscosa) and Robinia x margarettiae (R. hispida x R. pseudoacacia).

The oldest black locust tree of Europe was planted in 1602 by Jean
Robin (1550-1629) who introduced it to Europe (see the name Robinia,
given by Linnaeus), and it is still growing in Paris (Jardin Royal des
Plantes Medicinales, France) (Figure 1) and probably transplanted in
1635. The second oldest black locust in Europe was planted in 1662,
and grows in Doorwerth, Hollandia (Figure 1). The oldest Hungarian
black locust, which may be the third oldest in Europe, was planted in
1710 by Count Szapary at city Babolna, and still grows in a good
condition (Figure 1). Kew’s ‘Old Lions’ (London, UK) was planted in 1762
(Figure 1). After these pioneering periods, black locust quickly
widespread in Europe. In 2012 the spreading area exceeded 464.000 ha
in Hungary, which is 24.1% of the total forests (Keresztesi, 1983; Rédei
and Veperdi, 2009). The industries use almost every part of the tree;
timbers have a high energy values; however the most important profit is
the acacia honey.

By leaf type, black locust has at least four pinnate type, the
monophylla (syn.: unifolia)-, triphylla, oligophylla (regular) and the
polyphylla (microphylla up to 25 leaflets) types (Dini-P and
Aravanopoulos, 2008). These leaf type varieties showed different hybrid
patterns in crossings (Dini-P and Aravanopoulos, 2008). Ancient
‘Babolna-1710’ black locust belongs to the oligophylla (regular) leaf type
(Figure 1), and with shorter, 2 to 3 seeded pods, compared to that of
current longer 4-to-8 seeded pods (Gyulai et al., 2011).
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Further Legume trees were introduced to Europe such as Robinia
hispida (in 1743), and Robinia viscosa (in 1797) (Féldes, 1903; Peabody,
1982). Gleditsia triacanthos (hone locust) was introduced to Europe
probably at the early 1600s (Putod, 1982; Santamour and McArdle,
1983).

Here we present the use of micropropagation for in vitro cloning and
microsatellite analysis of the oldest Hungarian black locust tree
‘Babolna-1710 to maintain its gene pool.

Fig. 1: Samples of old European black locust (Robinia pseudoacacia)
trees (a) the Royal Herbal Garden Paris, France, planted in 1602, (B)
Doorwerth, Hollandia, planted in 1678, (C) Babolna, Hungary, planted in
1710, (D) Kew's ‘Old Lions’, London, UK, planted in 1762.
http://www.monumentaltrees.com/en/trees/blacklocust/records/

Cloning

Buds of black locust trees were sampled for micropopagation (Figure 2)
and DNA analyses. Shoot apical buds were dissected and processed for
aseptic shoot culture following the general tissue culture protocols
(Gyulai et al., 1992, 2006). Buds were cleaned, and washed with
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detergent (3 min), followed by surface sterilization with ethanol (70% v/v)
for 1 min and a commercial bleaching agent (8% NaOCI w/v) for 1 min;
followed by three rinses with sterile distilled water, and incubated in
aseptic tissue culture medium F6 (Gyulai et al., 1992) supplemented with
0.1 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) and kinetin,
respectively.

In vitro clones of the oldest Hungarian black locust (Robinia
pseudoacacia cv. ‘Babolna-1710°) were sprouting from aseptic buds in
three weeks (Figure 2). Several buds produced calli. After further
micropropagatiion with nodal segments, clones were rooted on hormone-
free medium, transplanted to pots (Shu et al., 2003) and grown in fields
(Figure 2). In total more than fifty regenerants were transplanted,
however, due to the week rooting capability, about ten fully developed
trees survived the fist winter.

Fig. 2: In vitro (A), potted (B) and field grown (C) clones of the oldest
Hungarian black locust tree (Robinia pseudoacacia cv. ‘Babolna-1710’).

Young fresh leaves (0.1g) were ground in an aseptic mortar with liquid
nitrogen. DNA was extracted by the CTAB (cethyltrimethylammonium
bromide) method according to the modification of Gyulai et al. (2000)
followed by an RNase-A treatment (Sigma, R-4875) for 30 min at 37°C in
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each case. The quality and quantity of extracted DNA (2 ul) was
measured by a NanoDrop ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies, Delaware, USA — BioScience, Budapest,
Hungary). DNA samples were adjusted to a concentration of 30 ng/ul
with ddH,O and subjected to PCR amplification.

For PCR analysis six loci were amplified (Table 1). Hot Start PCR
(Erlich et al., 1991) was combined with Touchdown PCR (Don et al.
1991) using AmpliTagq Gold™ Polymerase. Reactions were carried out in
a total volume of 25 pl (containing genomic DNA of 30-50 ng, 1 x PCR
buffer (2.5 mM MgCl,), dNTPs (200 uM each), 20 pmol of each primer
and 1.0 U of Taq polymerase. Touchdown PCR was performed by
decreasing the annealing temperature by 1.0 °C / per cycle with each of
the initial 12 cycles (PE 9700, Applied Biosystems), followed by a
‘touchdown’ annealing temperature for the remaining 25 cycles at 56 °C
for 30 s with a final cycle of 72 °C for 10 min (transgene detection) and
held at 4 °C. A minimum of three independent DNA preparations of each
sample was used. Amplifications were assayed by agarose (1.8 %,
SeaKem LE, FMC) gel electrophoresis (Owl system), stained with
ethidium bromide (0.5 ng/ul) after running at 80 V in 0.5 x TBE buffer.
Each successful reaction with scorable bands was repeated at least
twice. Transilluminated gels were analyzed by the Chemillmager v 5.5
computer program (Alpha Innotech Corporation - Bio-Science Kit,
Budapest, Hungary). A negative control which contained all the
necessary PCR components except template DNA was included in the
PCR runs.

Microsatellite and ITS fragments were forwarded for ALF analysis
using ALF Expressll (Pharmacia — Amersham, AP-Hungary, Budapest).
One strand of each of the SSR primer pairs was labeled with Cy5 dye
(Roder et al., 1998; Huang et al., 2002; Gyulai et al., 2006, 2011).

Except Gunnerales and Geraniales all of the eudicot plant orders
include woody species. Order Fabales comprise 20.055 species of 754
genera of 4 families (Fabaceae, Polygalaceae, Quillajaceae,
Surianaceae). Of them family Fabaceae (syn. Robinoid legumes; tree
legume) comprise the most numerous woody species (240 — 253) of a
plant family, divided in three subfamilies (Faboideae, Caeasalpinoideae,
and Mimosoideae) (Figure 3) and comprising 11-12 genera
(Hebestigma/ ennea, Gliricidia/Poitea, Olneya, Robinia, Poissonia,
Coursetia, Peteria, Genistidium and Sphinctospermum) (Lavin et al.,
2003). Genus Astragalus of Fabaceae, is also unique being the largest
plant genus, which comprises 2,500 species (Sanderson and
Wojciechowsk,1996). Legume trees have several endemic genera with
uniqgue genome constitutions such as the Caribbean endemic
Hebestigma and Poitea; and the Australian Castaneospermum australe
(Lavin et al., 2003).
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Fig. 3A: In silico ITS1-5.85-1TS2 (ML - Maximum Likelihood; Hillis et al.,
1994) phylogram (MEGA4; Tamura et al, 2007) of legume trees
including the main four Robinia species. NCBI accession numbers are:
Albizia julibrissin (FJ572041), Amorpha fruticosa (AFU59890), Caragana
arborescens (FJ537262), Caragana frutex (FJ537285), Caragana
turkestanica (FJ537256), Cerationia siliqua (AJ245576, AJ245575),
Cercis chinensis (FJ432284), Cercis griffithii (FJ432280), Cercis
siliquastrum (FJ432281), Colutea arborescens (CAU56010, CAU56009),
Hyppocrepis (Coronilla) emerus (AF450240), Genista tinctoria
(AF330664), Gleditsia triacanthos (AF509969), Glycyrrhiza lepidota
(U50759, U50758), Gymnoclagus dioica (AF510032), Laburnum
anagroides (AY263679), Lespedeza thunbergii (GU572199), Robinia
hispida (AF398819), Robinia neomexicana (AF537351), Robinia
pseuodoacacia (AF450153), Robinia viscosa (AF398821), Sophora
Japonica (FJ528289), Wisteria sinensis (EU424072).
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Fig. 3B: In silico ITS1-5.8S-ITS2 (ML - Maximum Likelihood; Hillis et al.,
1994) phylogram (MEGA4; Tamura et al., 2007) of legume trees grown
in Hungary (NCBI, 683 bp). NCBI accession numbers are: Albizia
julibrissin  (FJ572041), Amorpha fruticosa (AFU59890), Caragana
arborescens (FJ537262), Caragana frutex (FJ537285), Caragana
turkestanica (FJ537256), Cerationia siliqua (AJ245576, AJ245575),
Cercis chinensis (FJ432284), Cercis griffithii (FJ432280), Cercis
siliquastrum (FJ432281), Colutea arborescens (CAU56010, CAU56009),
Hyppocrepis (Coronilla) emerus (AF450240), Genista tinctoria
(AF330664), Gleditsia triacanthos (AF509969), Glycyrrhiza lepidota
(U50759, U50758), Gymnoclagus dioica (AF510032), Laburnum
anagroides (AY263679), Lespedeza thunbergii (GU572199), Robinia
hispida (AF398819), Robinia neomexicana (AF537351), Robinia
pseuodoacacia (AF450153), Robinia viscosa (AF398821), Sophora
Japonica (FJ528289), Wisteria sinensis (EU424072).
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The species specific, highly conserved locus of nuclear ITS
sequences were highly monomorphic among species of Robinia (Figure
3) and clade Robinieae (Coursetia, Cracca, Genistidium, Gliricidia,
Hebestigma, Hybosema, Lennea, Olneya, Peteria, Poitea, Robinia,
Sphinctospermum) (Robinioid clade) (Lavin et al., 2003) with rare SNPs
(Single Nucleotide Polymorphism). ITS sequences were also sequenced
from Robinia, Hancock Cave, USA (NCBI # AF176391; AF176390 and
AF176389). The ITS analysis of the four main Robinia species growing
in Hungary, indicated that R. viscosa is genetically the closest species to
R. pseudoacacia, and R. hispida (Figure 3).

150 160 170 180 100 200 210 220 230 240 250 260 270 280 200 200 310
200 bp scul0 (nuDNA)
150 bp
300 bp
200 bp T
Robinia pseudoacacia 'Babolna-1710"
150 bp 252bp
150 bp
. SR

Robinia pseudoacacia 'Paris -1602' Rt

150 bp

252bp

200 bp

Robinia pseudoacacia L.

150 bp 262 bp

Robinia pseudoacacia var. inermis

150 160 170 180 190 200 210 220 230 240 250 260 270 280 260 300 310

Fig. 4: Molecular marker for thornlessness (R. p. inermis) at the nuDNA
scu10 (262 bp) locus compared tor ‘Babolna-1710 clone. PCR amplified
ALF fluorograms (15-300 nt) of four legume trees were compared. Mw
standards (150- and 300 bp), and the amplified DNA fragments (200-,
252-, and 262 bp) are indicated.

In our study presented thornless (‘inermis’) clones were also analyzed
and a new molecular barcode for thornlessness was detected at scu10
locus (Figure 4-5). Thornlessness is caused mainly epigenetically by
epidermis mutation in shoot meristems. Certain thornless varieties of-
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Fig. 5: ML (Maximum Likelihood; Hillis et al., 1994) phylogram (MEGA4;
Tamura et al., 2009) of Robinia pseudoacacia clones growing in different
habitats of Hungary. The oldest Hungarian black locust (Robinia
pseudoacacia cv. ‘Babolna-1710’; e) and its in vitro clones (o), and
further 31 samples from natural black locust populations sampled in
Hungary (names of cities are indicated) are compared to the oldest
European clone ‘Paris-1602’ (France) (m), and two subspecies of R. p.
rectissima (A) and R. p. unifolia (¢) (Hungary). The phylogram was
based on the patterns of 170 PCR fragments of 28 alleles at six SSR loci
determined of the study presented. Relative genetic distance (scale 0.1)
and bootstrap values over 50% are indicated at the nodes.
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-blackberry, e.g. the tetraploid periclinal chimera Rubus laciniatus Willd.
cv. ‘thornless evergreen’ (identified in 1939 and improved by gamma
irradiation by Jennings in 1984) produce thorny adventitious root suckers
(Scott et al., 1957; Hall et al., 1986; Lewers et al., 2008). Thornless (non-
chimeral) blackberry plants were obtained from tissue culture (Hall et al.,
1986). When these plants were grown to maturity, flowered and
hybridized with various thorny and thornless cultivars, the thornless vs.
thorny segregation ratios suggested that thornless gene(s) might be
dominant over the thorny alleles (Hall et al., 1986). Thornlessness can
also be linked to morphological characters like in thornless
blackberry(Rubus fruticosus) where cotyledon marginal hairs of
seedlings are absent. Trees of Gleditsia triacanthos of 10 years old or
more showed a definite thornless region in the upper and outer shoot
growth. When hardwood cuttings for propagation were taken from this
thornless area, the scions generally remained thornless (Chase, 1947).
In case of black locust, several forms of ‘inermis’ were identified such as
Robinia inermis Jacquin; Robinia pseudoacacia f. inermis (DC.) Rehder;
Robinia pseudoacacia subsp. inermis (Jacquin) Arcangeli; Robinia
pseudoacacia var. inermis (Ortega) DC; Robinia pseudoacacia var.
inermis DC. Thornless black locust mutants were also developed after
gamma irradiation and tissue culture

Microsatellites (SSRs) of Robinia pesudoacacia are available at gene
banks (e.g. NCBI). The most frequently used markers are: (1) Rops02
(AB075029), (2) Rops04 (AB075030), (3) Rops05 (AB075031), (4)
Rops06 (AB075032), (5) Rops08 (AB075033), (6) Rops09 (AB075034),
(7) Rops15 (AB120731), (8) Rops16 (AB120732), (9) Rops18
(AB120733), (10) RP032 (AB353934), (11) RP035 (AB353927), (12)
RP102 (AB353928), (13) RP106 (AB353929), (14) RP109 (AB353930),
(15) RP150 (AB353931), (16) RP200 (AB353933), (17) RP206
(AB353932) and (18) RP211 (AB353935). Of these, here we used five
SSR loci of Rops16 - (CT)y3; RP035 - (TC)qs; RP102 - (GA)q2; RP200
(AG)23; and RP206 (GT)g, including scu10, an SSR of Vitis vinifera.
Nuclear SSRs were found useful in Robinia genotyping (Lian and
Hogetsu, 2002), however certain microsatellites showed high somatic
instability revealing differences in the SSR lengths at the locus Rops15
among the leaflets of the same pinnate leaf (Lian et al., 2004).

To conclude, clonal propagation of a 301-year-old black locust tree
grown in city Babolna (Hungary) was applied successfully for maintaining
a 301-year-old genome. The method might also be applied to other
‘living fossils’ such as the 11,700-year-old ‘King Clone’ creosote bush
(Larrea tridentata) (Mojave Desert, Lucerne Valley, California, USA); the
9500-year-old ‘Old Tjikko’ Norway spruce (Picea abies) (Sweden); the
4789-year-old ‘Methuselah’ Basin Bristlecone Pine (Pinus longaeva)
(Wheeler Peak, eastern Nevada, USA), the 4-5000-year-old yew (Taxus
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baccata) (Llangernyw, Conwy County Borough, North Wales, UK), and
probably be useful to resurrect ‘Prometheus’, the formerly oldest Pinus
tree (4862-year-old Pinus longaeva; USA) cut down in 1964 as a
research mistake.
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Genetic Diversity Assessment
of Caralluma adscendens

M.R. Naik, Y.L. Krishnamurthy and S. Karuppusamy

Introduction

Caralluma R.Br (Sensu lato) of the family Apocynaceae, is a genus of
about 120 species, with a wide distribution in India, Arabia and the
Mediterranean area of the world, with more number of species
concentrated in Africa (Mabberley, 1993). The genus Caralluma was first
named by Robert Brown in 1810 to an Indian species with very
characteristic elongated flowering succulent stem. The plant is known to
have possessed a variety of medicinal properties include carminative,
febrifugal, anthelmintic, antirheumatic, antidiabetic, antipyretic, anti-
inflammatory, antinociceptive and antioxidant (Karupusamy et al., 2013).
Many species of Caralluma have been reported as potential appetite
suppressants and all these species found esterified polyhydroxy
pregnane glycoside (Deepak et al., 1997). Caralluma adscendens which
is endemic to southern India have been recognized by six infraspecific
varieties so far (Karuppusamy et al., 2013). In which Caralluma
adscendens var. fimbriata is distributed in Andhra Pradesh, Karnataka
and Tamilnadu region of India, and exhibited diverse morphologic and
genetic variations. The taxon Caralluma adscendens var. fimbriata is
consumed as vegetable during famine to decrease appetite and as thirst
quencher. Rebecca et al. (2007) have observed the var. fimbriata extract
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on appetite suppressive and reduction of food intake in Indian
populations. Radhakrishnan et al. (1999) have proved the Caralluma
adscendens var. fimbriata extract for weight loss in human being.

Caralluma adscendens var. fimbriata is highly demanded in
pharmaceutical companies for the preparation of number of antiobesity
formularies in particularly weight loss pills, syrups and capsules. The
company based raw drugs largely as succulent stems collected only
from the natural population in southern Peninsular India. Many of the
natural population of C. adscendens var. fimbriata are growing with its
related species and varieties in natural habitat. The taxa also have
hybridized potential with its coexisting varieties to exhibit humber of
morphoforms and genetic variations. Due to diverse nature of
morphological plasticity, identification and taxonomy is much confusing,
and also for extraction active pharmaceutical principles too varied in the
populations.

Taxonomy based on morphological characters are supported with
various kinds of biochemical (HPLC, HPTLC) and molecular (RFLP,
RAPD, ISSR, AFLP) data used to study intra-specific and inter-specific
polymorphism (Willium et al., 1990, Welisch and Mc Chelland 1990,
Shinde et al., 2007). These techniques have been extensively used for
the identification of genotypes in plants and these are convenient
method for the detection of polymorphism in the absence of sequence
information with a relatively low cost. The related members of
Apocynaceae such as Gymnema sylvestri R.Br (Siddique et al., 2000)
and Gymnema germplasm (Nair and Keshavachandran, 2006) have
been genetically characterized using molecular markers techniques. The
genetic composition of Caralluma in different geographical locations
needs to be assessed for its efficient conservation and management
since these are threatened species. Yet there has been no previous
report on the use of RAPD and ISSR method to characterize the genetic
diversity of Caralluma across the different geographical locations in
India.

Variations are most common features among the Asclepiads in
particularly succulent Asclepiads like Caralluma and Ceropegia in India.
Even within the species many varieties have described under the
Caralluma adscendens. They are distributed overlapping manner in the
small geographical area of habitat and also naturally inbreeding groups
formed many new combinatorial characters in the habitat. Caralluma
adscendens var. fimbriata is pharmaceutically important plant which is
highly overexploited from the natural habitat for extraction of natural
medicine. There is no any scientific collection methods followed until now
for these valuable medicinal plants and there is no availability of any
agronomic techniques for cultivation of the plant species. The plant
collectors are not knew about the importance of bioresource and
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sustainable utilization of limited plant sources. Commercial plant
collectors collected all the varieties for extraction of medicine but
medicinal potentiality found with precise variety var. fimbriata only.
Keeping these points in view the present investigation was planned to
carryout morphologic and genetic variation assessment using RAPD and
ISSR markers for the identification of potential germplasm for cultivation
and sustainable utilization.

Taxon sampling

Caralluma adscendens comprises seven varieties in southern India and
about four varieties are distributed in Karnataka. Among them var.
fimbriata is highly medicinal which is existing variety of morphofoms in
Karnataka. For the identification of potential morphofom population, here
we used molecular tools for assessing the diversity. C. adscendens var.
fimbriata (Cf) plant was collected from 12 districts of Karnataka (Table
1), and were identified by taxonomists at Department of Post Graduate
Studies and Research in Applied Botany, Kuvempu University and
deposited in its depository.

Table 1: Caralluma adscendens var. fimbriata (s.str.) collected from
twelve districts of Karnataka

Accession number Locality

Cf1 Gulbarga university, Gulbarga
Cf2 Halmatti, Bijapur

Cf3 Kudalsangam, Bagalkot
Cf4 Ranibennur, Haveri

Cf5 Mallapura, Gadag

Cf6 Raichur fort, Raichur

Cf7 Darogi, Bellary

Cf8 Kodaganur, Davangere

Cf9 Muddapura, Chitradurga
Cf10 Kadur (Pura), Chickmagalur
Cf11 Arasikere, Hassan

Cf12 Siddarbetta, Tumkur

Genomic DNA Isolation

The total genomic DNA was extracted with the help of a modified
protocol based on previous literature (Aras et al., 2005, Ibrahim, 2011,
Jabbarzadeh, 2009, Hameed et al., 2004). The extraction was done from
fresh phyllodes, sliced into a portion of the plant sample of 50 mg each.
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The plant material was washed, dried and weighed accurately before
use. The plant material was ground with 600ul 2X cetyl trimethyl
ammonium bromide (CTAB) buffer (100 mM Tris HCI at pH 8.0, 20 mM
EDTA, 2% CTAB, 1.4 mM NaCl and 0.1% p-mercaptoethanol) with
mortar and pestle and incubated at 65°C for 45 minutes with occasional
mixing. 5% PVP was added to the CTAB buffer just before the grounding
of plant material. The solution was extracted twice with an equal volume
of Chloroform: Isoamyl alcohol (24:1) by centrifugation at 10000rpm for
15 min at room temperature in a microfuge tube. The supernatant was
precipitated with ice cold ethanol and the precipitate was collected by
centrifugation. The precipitate was washed with 70% ethanol and air
dried. The DNA pellet was finally dissolved in 40ul TE buffer 10 mM Tris-
HCI, 1 mM EDTA, pH 8, RNase A to remove RNA and stored at -20°C.
The quality and quantity of isolated DNA was determined by Gel
Electrophoresis with 0.8% agarose in 1X TAE (Tris Acetate EDTA)
buffer, followed by Ethidium bromide staining. The gel was visualized
under a UV transilluminator to analyze the amount of DNA isolated by
comparing the bands formed with a DNA weight maker (Lambda-Hind IIl)
purchased from Geno Biosciences, Bangalore.

Primer Screening

After a thorough primer screening, ten random decamer primers,
corresponding to kit N and O from Operon Technologies (Alameda,
California, USA) and five synthesized ISSR primers (M/S Bangalore
Genei, Bangalore, India) were finalized for study using PCR techniques
to determine the genetic relationships between the samples under study.
The primers selected after screening is listed in Table 2. These primers
were selected based on their ability to detect distinct, clearly resolved
and polymorphic amplified products. To ensure reproducibility, the
primers generating no, weak, or complex patterns were discarded.

RAPD and ISSR assay

Reaction conditions for amplification were optimized according to
(Williams et al., 1990) Amplification was performed in volume of 25 pl for
single reaction. The reaction mixture was composed of 20ng template
DNA, 100 pM of each deoxyribonucleotide triphosphate, 20 ng of
decanucleotide primer, 1.5mM MgCl,, 1X Taq buffer (10mM Tris-HCI (pH
9.0), 50mM KCI, 0.001% gelatin), and 1 U Tag DNA polymerase (M/S
Bangalore Genei, India). Thermal profile conditions were as follows:
initial denaturation for 2 min at 94°C, followed by 40 cycles of
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denaturation at 94°c for 30 seconds, primer annealing at 40°C for 1 min
and extension at 72° C for 2 min and lastly final extension (12 min) was
carried out at 72° C. The PCR products were stored at 4°C until further
study. The amplified products were subsequently separated on 1.5 %
agarose gel with Ethidium bromide staining for about 1 h at 80 volts. The
products were visualized under UV transilluminator. PCR products were
analyzed using a 1 kb DNA ladder (Geno Biosciences, Bangalore, India).

Data were recorded as presence (1) or absence (0) of band products
from the photographic examination. Each amplification fragment was
named by the source of the primer, the kit letter or number, the primer
number and its approximate size in base pairs. Bands with similar
mobility to those detected in the negative control, if any, were not scored.
A pair-wise matrix of distances between landraces was determined for
the RAPD and ISSR data using the Dice formula in the Free Tree
programme. The average of similarity matrices was used to generate a
tree by UPGMA (unweighted pair-group method arithmetic average)
using NTSYS- PCversion 2.1 (Jaccard, 1908; Rohlf, 2000).

Table 2: List of RAPD and ISSR analysed.

Primer Sequence

RAPD OPN 11 5TCGCCGCAAA3
OPN 12 5 CACAGACACCZ
OPN 13 5AGCGTCACTC3’
OPN 14 5TCGTGCGGGT'3’
OPN 15 5CAGCGACTGT3Z
OPN 16 5’AAGCGACCTGZ
OPN 17 5'CATTGGGGAG3’
OPN 18 5'GGTGAGGTCA3’
OPO 19 5GTCCGTACTG3
OPO 20 5GGTGCTCCGTY

ISSR
HB10 5 GAGAGAGAGAGACCGAGAGAGAGAGACC3’
HB11 5GTGTGTGTGTGTCCGTGTGTGTGTGTCC3’
HB12 5’CACCACCACGCCACCACCACGCT
844A 5CTCTCTCTCTCTCTCTACCTCTCTCTCTCTCTCTC3
844B 5CTCTCTCTCTCTCTCTGCCTCTCTCTCTCTCTCTGC?
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Genetic diversity based on RAPD marker

Using ten RAPD primers, a total number of 73 bands were produced, of
which 43 were polymorphic bands and a polymorphism of 58.9 per cent
was observed (Table 3). The size of the RAPD fragments ranged from
100-3000bp; visualized using UV Trans illuminator. The banding profile
by RAPD primers have been shown in Figure 1. The primer OPN20
produced maximum number of fragments (11 fragments) with 7
polymorphic bands. However, the primer OPN 15 produced maximum
polymorphism (80 per cent). OPN14 produced the lowest number of
amplified bands and OPN16 produced the least polymorphism (37.5%)
amongst the primers studied. It had also been well documented that
geographical distribution and ecological niches exhibit the different
genetic characterizations and had strong effects on the organization of
genetic constitution (Loveless and Hamrick, 1984). Pejic et al., (1998)
reported that 150 polymorphic bands made it possible for a researcher to
reliably estimate genetic similarities among genotypes within the same
species. Esposito et al., (2007) found a total of 162 polymorphic bands
ranging in size from 400 to 1200 bp, with an average of 23 bands per
primer combination. Li and Quiros (2001) in Brassica oleracea L., Budak
et al. (2004) in Buffalo grass and Ferriol et al. (2004) in Cucurbita
moschata reported that there were 10-20 polymorphic bands per primer
combination.

In the dendrogram generated using RAPD, C. adscendens var.
fimbriata (Cf) collected from Bijapur Cf2 is placed separately in clade I,
isolated from the rest 11 species by RAPD molecular approaches. The
remaining eleven accessions are positioned in clade Il and are
differentiated into two clusters | and Il by RAPD marker systems. Cluster
| contained seven species like Cf6, Cf10, Cf11, Cf12, Cf7, Cf8 and Cf9.
Cluster Il contained four accessions i.e. Cf1, Cf3, Cf4 and Cf5. These
accessions were from Gulbarga (Cf1) and Bagalkot (Cf3) district which
were showing genetic relation to plants of Haveri (Cf4) and Gadag (Cf5)
where they showed 72 per cent similarity (Figure 2).

The highest dissimilarity value (0.874) was observed between Cf12
and Cf11 followed by Cf12 and Cf10, Cf9 and Cf8, Cf10 and Cf6, Cf12
and Cf9, Cf12 and Cf7, Cf12 and Cf6, Cf7 and Cf6. The lowest
dissimilarity was observed between Cf8 and Cf1 (0.586) and Cf8 and Cf2
(0.586). A value of Jaccard coefficient of correlation indicates that
Gulbarga (Cf1), Bijapur (Cf2) and Bagalkot (Cf3) are very similar.
Genetic diversity of the species with highest dissimilarity will be useful for
further program. In the present study, the data showed that C.
adscendens var. fimbriata differentiate genetic races from north
Karnataka to south part of Karnataka.
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Table 3: Total number of amplified fragments and the number of
polymorphic fragments generated by PCR using selected RAPD primers

Primer Total of Monomorphic  Polymorphic (%) of
bands(a) bands bands (b) Polymorp
hism (b/a
x 100)
OPN 11 7 3 4 57.14
OPN 12 10 5 5 50
OPN 13 9 4 5 55.5
OPN 14 3 1 2 66.6
OPN 15 5 1 4 80
OPN 16 8 5 3 375
OPN 17 5 2 3 60
OPN 18 5 2 3 60
OPO 19 10 3 7 70
OPO 20 11 4 7 63.6
Total 73 43
Mean 7.3 58.9
value

In RAPD, clade | was belongs to plants of Bijapur. Externally features
of clade B represented by C. adscendens var. fimbriata separated into
one group rest of 11 districts, were positioned in clade II. Clade B divided
into clusters C and D. The cluster C had plant species distributed in 7
districts (Hassan, Bellary, Bagalkot, Davangere, Tumkur, Raichur,
Bijapur) and cluster D had three districts (Haveri, Chickmagalur and
Chitradurga). In RAPD, clade Il again separated in to two groups i.e.,
cluster | and Il. Cluster | containing seven accessions those are of
Raichur (Cf6), Chikmagalure (Cf10), Hassan (Cf11), Tumkur (Cf12),
Bellary (Cf7), Davangere (Cf8) and Chitradurga (Cf9). Cluster Il
contained accession collected from Gulbarga (Cf1), Bagalkot (Cf3),
Haveri (Cf4) and Gadag (Cf5) plants. These results clearly showed that
C. adscendens var. fimbriata has two stocks of diversity. The plants grow
at north interior Karnataka show variation with plants of south Karnataka
at molecular level.
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OPN 16 OPN12
Fig. 1: The number of bands yielded by primers in RAPD Analysis (M —
Marker; 1 - Gulbarga 2 — Bijapura; 3 — Bagalkot; 4 — Yadgiri; 5 — Gadag;
6 — Raichur; 7 — Ballari; 8 — Davanagere; 9 — Chitradurga; 10 —
Chikmagalore; 11 - Hassan and 12 — Tumkur)

Cf1
Ccf3

r T T T T 1
0.64 0.70 0.76 0.82 0.87

Fig. 2: Dendrogram of 12 accessions of Caralluma fimbriata (Cf) using
RAPD markers (Cf1 - Gulbarga, Cf2 - Bijapur, Cf3 - Bagalkot, Cf4 -
Haveri, Cf5 - Gadag, Cf6 - Raichur, Cf7 - Bellary, Cf8 - Davangere, Cf9 -
Chitradurga,Cf10 - Chickmagalur , Cf11 - Hassan and Cf12 - Tumkuri)
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Among ten primers of ISSR, five primers such as HB10, HB11, HB12,
844A, 844B showed good banding pattern. A total of 28 bands were
observed with 17 polymorphic bands with 60.7 per cent polymorphism.
Molecular weight of the bands ranged between 100-3000bp visualized
using 1kb DNA ladder (Figure3). Primers HB10 and 844A showed same
number of polymorphic bands. HB11 and HB12 showed 3 polymorphic
bands (Table 4). A similarity of polymorphism had previously been
reported using ISSR markers in other medicinal and aromatic plants,
such as Artemisia herba-alba (Mohsen and Ali, 2008), Changium
smyrnioides (Qiu et al., 2004) and Tribulus terrestris (Sarwat et al,
2008).

el 1112

Rl

Fig. 3: ISSR analysis (HB11 and HB 12) primer (M — Marker; 1 -
Gulbarga 2 — Bijapura; 3 — Bagalkot; 4 — Yadgiri; 5 — Gadag; 6 —
Raichur; 7 - Ballari; 8 — Davanagere; 9 — Chitradurga; 10 -
Chikmagalore; 11 - Hassan and 12 — Tumkur).
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Table 4: Total number of amplified fragments and the number of
polymorphic bands generated by PCR using selected ISSR Primers.

Primer Total of Monomor- | Polymorphic| Polymorphism
bands (a) | phic bands bands (b) | (%) (b/a x 100)
HB10 6 2 4 66.6
HB11 5 2 3 60
HB12 5 2 3 60
844A 6 2 4 66.6
844B 6 3 3 50
Total 28 11 17
Mean 5.6 60.7
Cf1
Cf3
Cf10
Cf4
CI5
Cf8
7] Cf9
Cf7
4' Cfl1
Cf12

Fig. 4: Dendrogram showing the cluster analysis of 12 accessions of
Caralluma fimbriata using ISSR markers.

Genetic similarity indices of ISSR markers ranged from 60 per cent to
75 per cent. The banding patterns were representing 12 accessions into
two clades A and B. The accessions collected from Tumkur district has
shown to be slight different from all other plants and was separated and
formed an isolated clade A. Other eleven plants represented clade B
was divided into two clusters C and D. Cluster C contains plant samples
from Gulbarga, Bijapur, Bagalkot, Raichur and Chickmagalur; with
similarity of 75 per cent. Cluster D is again divided into two groups E and
F. Group E consists of four plant samples from Haveri, Gadag,
Davangere and Chitradurga. Group F consists of two plant samples from
Raichur and Hassan are grouped together with a similarity of 70 per cent
in the dengrogram Figure 4.
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In conclusions, Caralluma fimbriata collected from different part of
Karnataka were observed for their morphological and genetic diversity
analysis by RAPD and ISSR marker techniques using different primers.
The banding pattern of both RAPD and ISSR grouped different plants in
different clusters. The plant collected from Gulbarga and Bagalkot both
were grouped together and showed most similarity compared to other
Caralluma fimbriata varieties collected from other places of Karnataka.
The genetic variability in a gene pool is normally considered as being the
major resource available to breeders and conservationists for germplasm
improvement programmes.
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17 Barcoding of Transgenes
in GM Plants

A. Bittsanszky, G. Gyulai, R.P. Malone, I. Bock,
L.Y. Murenets, M. Czaké, T. Komives and
H. Rennenberg

Introduction

Transgenes represent genetic markers artificially introduced by mankind
motivated to improve crops. Detection of the marker in the Genetically
Modified Organism individual, and its vegetative or sexual progenies,
and monitoring it in test and cultivated populations as well as in exposed
non-target organism populations is of fundamental and practical
importance. The genetically modified state of an organism, i.e. the
presence of the transgene, is verified essentially by DNA barcoding.
Selecting the DNA sequence for barcode is straightforward because
usually a known sequence is introduced. The introduction of genes, self
or foreign, into plants, had prerequisites. The ability to select and or
identify desired genotypes in cells, tissues or intact plants laid the
foundations for application of genetic transformation of plants. The
Biological Research Centre (Szeged, Hungary) can be considered as the
Genius Loci (Smil, 2001) of the current plant biotechnology since
methodologies of plant cell line selections for chloroplast mutants
(Maliga et al., 1973; Garab et al., 1974), cell fusion (Dudits et al., 1976),
genetic transformation (Marton et al., 1979; Koncz et al., 1984), bacterial
nitrogen fixation (Kiss et al.,, 1980), and artificial chromosomes
(Hadlaczky, 2001) were either fundamentally developed or highly
improved here.
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The first stable higher plant mutant, the antibiotic (i.e. streptomycin,
SR) resistant (i.e. mutant) tobacco (SR1) was selected (Maliga et al.,
1973) in vitro, followed by the selection (Maliga et al., 1975) and
identification of SR1A15 (Svab and Maliga, 1986) the first double mutant
of higher plants, the albino (chloroplast) tobacco (Maliga et al., 1975;
Pay and Smith, 1988). Later, as the early forms of gene transfer,
protoplast cell fusion plants (i.e. cybrids) were developed in several
laboratories (Kao and Michayluk, 1974; Melchers and Labib, 1974;
Power et al., 1976; Dudits et al., 1977; Medgyesi et al., 1985).

Alternatives to the conventional haploid genome transfer (i.e,
pollination), the technologies of gene transfer resulting in stable
transgenic crops (i.e. GM - genetically modified, or GMO - genetically
modified organism), were developed in four laboratories at the same
time in 1983: GM Nicotiana plumbaginifolia (resistant to the antibiotic
kanamycin) (Bevan et al.,, 1983), other tobacco lines resistant to
kanamycin and methotrexate (a drug used to treat cancer and
rheumatoid arthritis) (Herrera-Estrella et al., 1983), GM petunia resistant
to kanamycin (Fraley et al., 1983), and GM sunflower transformed by
phaseolin gene isolated from bean (Murai et al., 1983).

The first field trial of GM cotton was carried out in 1990, followed by
the first FDA-approved (Unites States Food and Drug Administration)
transgenic food of Flavr-Savr tomato in 1994 (Bruening and Lyons,
2000). A series of further GM crops were released in 1995, such as the
canola oil seed rape (Brassica napus) with modified oil composition
(Calgene), Bt (Bacillus thuringiensis) corn (Ciba-Geigy) resistant to the
herbicide bromoxynil (Calgene), Bt cotton (Monsanto), GM soybeans
resistant to herbicide glyphosate (Monsanto); virus-resistant squash
(Asgrow), and delayed ripening tomatoes (DNAP, Zeneca/Peto and
Monsanto) (Conner et al., 2003). Later, a series of woody plants were
also bred by genetic transformation (Arisi et al., 1997; Noctor et al,,
1998; Bittsanszky et al., 2005; Gyulai et al., 2012, 2014).

Here we present a case study of barcoding (i.e. detecting and
monitoring GM plants) the CaMV-35S-gshl poplar (Populus x
canescens) with techniques useful for both developing GM plants and for
anti-GM purposes.

Barcoding of CaMV-35S-gshl transgene in GM poplar (P. x canescens)

The phytoextraction and remediative capacity of poplars was improved
significantly by genetic transformation of Populus x canescens (P.
fremula x P. alba) to overexpress the bacterial gene coding for y-
glutamylcysteine synthetase (y-ECS, EC 3.2.3.3), which is the rate-
limiting regulatory enzyme in the biosynthesis of the ubiquitous tripeptide
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thiol compound glutathione (GSH, y-L-glutamyl-L-cysteinyl-glycine) (Arisi
et al., 1997; Noctor et al., 1998). Here we show how gshl transgene is
detected by using gshl-specific PCR primers (Koprivova et al., 2002;
Gyulai et al., 2005). The sequence differences between the eukaryotic
plant gsh1 gene and the prokaryotic gshl transgene of E. coli (Figure 1a)
made it feasible to design transgene specific PCR primers.

490 500 510
HIGHER PLANTS il v wmis lwv: wme ] wom wlie wew Pase owll

Populus trichocarpa (gshl) 426 GGL ATC AA'I TTG TTG 1(.(: CCG CAA GCC CIL

I} [N BN G G5 3N O OE 6N 5

Brassica juncea (gshl) 261
Solanum lycopersicum (gshl) 444
Phaseolus vulgaris (gshl) 348
PROCARYOTE 3
E. coli (gshI) 429 .. G.G TTA A. s OFs GuB +:C TGGE

nm--mm-m-

Fig. 1a: Sequence diversities of four orthologous plant gsh1 genes
(samples of 30 nt) and their amino acid translations (10 aa) of GSH
proteins (Glutathione Synthase), compared to the non-orthologous
prokaryotic gshl/GSI of E. coli. Synonymous and non-synonymous
nucleotide substitutions (first rows of plant species), and the translated
(by BioEdit; Hall, 1999) aa changes are indicated in boxes in different
colors. The gsh1 of poplar, NCBI # EF148665, was downloaded,
BLASTed and aligned by NCBI server (Altschul et al., 1997).

+ DNA extraction: Total DNA samples of 0.1 g leaf tissue in each
case were extracted in CTAB (cethyltrimethylammonium bromide)
buffer followed by RNase-A (from bovine pancreas, Sigma, R-
4875, treatment) for 30 min at 37°C. DNA samples of 10
individuals of each line were pooled in one bulk and subjected to
PCR analysis.

o Multiple sequence alignments for primer design: Nucleotide
sequences of genes gsh1 were downloaded from the National
Center for Biotechnology Information (NCBI) databases (Altschul et
al., 1997). Multiple sequence alignments were applied in silico with
the software programs BioEdit Sequence Alignment Editor (North
Carolina State University, USA) (Hall, 1999), MULTALIN (Combet
et al., 2000), CLUSTAL W (Thompson et al., 1994), FastPCR
(Kalendar et al., 2009), and computer program MEGA4 (Tamura et
al., 2007).
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o Barcoding of the transgene: The gshl-transgene (E. coli, NCBI
#X03954) in the transformed poplar clones was amplified by the
gshl specific primer 5’-ATCCCGGACGTATCACAGG-3’ (position bp. 341-
359 in gshl) and its reverse 3'-GATGCACCAAACAGATAAGG-5’ (position
bp 939-920 in gshl) according to Koprivova et al. (2002) and Gyulai
et al. (2005).

Hot Start PCR was combined with Touchdown PCR by using
AmpliTaq Gold™ Polymerase. Reactions were carried out in a total
volume of 10 ul, and 25 pl (transgene detection), respectively,
containing 50 ng of genomic DNA. For transgene analysis 1 x PCR
buffer (2.5 mM MgCl,), dNTPs (200 uM each), 20 pmol of each
primer and 0.5 U of Taq polymerase were used (Toldi et al., 2002).

Touchdown PCR was performed by decreasing the annealing
temperature from 66°C to 56°C by 0.7°C/ 30s increments per cycle
in each of the initial 12 cycles (PE 9700, Applied Biosystems),
followed by a ‘touchdown’ annealing temperature for the remaining
25 cycles at 56°C for 30 s with a final cycle of 60°C for 45 min or
72°C for 10 min (transgene detection) and hold at 4°C. A minimum
of three independent DNA preparations of each sample were used.
Amplifications were assayed by agarose (1.8 %, SeaKem LE,
FMC) gel electrophoresis (Owl system), stained with ethidium
bromide (0.5 ng/pl) after running at 80V in 1X TAE buffer (Gyulai et
al., 2005). Each successful reaction with scorable bands was
repeated at least twice. Transilluminated gels were analyzed by the
Chemillmager v 5.5 computer program (Alpha Innotech). A
negative control which contained all the necessary PCR
components except template DNA was included in the PCR runs.

Double strand breaks (DSBs) of DNA as the initial events of
recombination occur not only in the meiotic but also in the somatic
cells (Puchta, 1999), which can cause transgene elimination
(Figure 1b). In the present study, the gshl transgene was found to
be stably incorporated for at least eighteen years (Arisi et al., 1997;
Noctor et al., 1998), in the tested poplar lines (ggs11 and /gl6), and
no transgene elimination or segregation was detected, which can
occur during several cycles of micropropagation in vitro (Figure
1c). The RT-gPCR analysis (see Chapter 6) confirmed that the
transgene was not lost by revealing the high expression levels of
the transgene CaMV-35S-gshl in poplar exposed to herbicides
(Bittsanszky et al., 2006; Gyulai et al., 2008).

In conclusions, by means of molecular barcoding the
transgenes, either coding or reporter genes, can be detected in the
genetically transformed GM plants for both GM and anti-GM
purposes. The sequence differences between the foreign gene and
the resident genes make it feasible to design GMO-specific
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barcodes. We should emphasize that as opposed to maore involved
southern blotting and mapping of transgenes barcoding is simple,
cost effective and possibly accessible to the public and
organizations through specialized commercial laboratories.

A)
LB P-p70 gsh1 T-358T-nos nptll P-nos RpB

U

LB P-p70 rbcS gsh1 T-358T-nos nptll P-nos RB

<l TR

Fig. 1b: Binary vector construct for Agrobacterium tumefaciens mediated
transformation (Arisi et al., 1997; Noctor et al., 1998) to overexpress the
gshl transgene (y-glutamylcysteine synthetase; syn.: yv-ECS, EC 3.2.3.3)
in poplar {Populus x canescens) either in the cytosol (ggs11): (A) LB, left
border; P70 CaMV (Cauliflower mosaic virus) 35S promoter with double-
enhancers; T, poly(A), nos, nopaline synthase; nptll, neomycin
phosphotransferase; RB, right border; or in the chloroplast (Igi6): (B)
directed by transit peptide of pea rbcS (Koprivova et al., 2002; Gyulai et
al., 2005; Bittsanszky et al., 2006).

Fig. 1c: PCR detection of the partial sequence (598 bp) (arrows) of the
GM (CaMV-35S-gshl-transgene cloned from E. coli; NCBI # X03954)
poplar {Popufus x canescens) clones of ggs11 (cyt-ECS) and /g/é (chl-
ECS), and the non-transformed (WT) clone (0.8% agarose gel). Primer
pair was 5'-ATCCCGGACGTATCACAG G-3' (positions on 341-359 nt of gshl)
and 3’-GATGCACCAAACAGATAA GG-5' (position on 939-920 nt of gshl)
{Gyulai et al., 2005).
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Introduction

Dioecious plant species account for 6% (14,620) of the total about
240,000 flowering plant species, of both gymnosperms and
angiosperms, in 7.1% (959 of 13,500) of genera and 43% (157 of 365) of
families (Renner and Ricklefs, 1995; Cronquist, 1988). None of the
ancient gymnosperm specis (all the extant 860 ‘coniferous-like’ species)
has bisexual (syn.: hermaphrodite) flower (Gyulai et al., 2012), they have
only unisexual either staminate (male &) or pistillate (female Q) flower
that develop either on the same plant, i.e. monoecious species (e.g.
Pinus), or on separate plants, i.e. dioecious species (e.g. Taxus, Ginkgo)
Linkies et al.,, 2010). This indicates the ancestral property of the
unisexual flowers, however, angiosperms with bisexual flowers tend to
‘mutate back’ during the evolution towards monoecy and dioecy (i.e.
sexual dimorphism) coupled with sex chromosome development to
promote outcrossing and for escaping inbreeding (McClung, 1901).

By selecting sex-linked DNA markers, several dioecious crops gained
huge agronomical importance, e.g. all-male/supermale Asparagus has
higher yield then females, male Taxus bears red berries for ornamental
use, female Phoenix produces dates, and female Cannabis gives flower
used for brewing beer, etc. Here, we overview those of PCR based
molecular markers which are used to determine male- and female
individuals of dioecious plants.
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Plant dioecy

Similar to animals, the ratio between individuals of male vs. female - in
plants they are pistillate () and staminate (') - of dioecious plants is not
necessarily 50% : 50%, as male and female individuals are differentially
affected by biotic and abiotic environmental stresses, which bias the
equilibrium expectation of 1:1 sex ratio (Zhao et al., 2012). Several
studies have indicated that gender-specific physiological responses of
dioecious plants are different to environmental stresses, like rising air
temperature and CO, concentration of global climate change. These
may lead to dramatic changes in sex ratio and consequently the ranges
of distribution and growth pattern in the environment (Tognetti, 2012). In
general, male plants show higher level of photosynthetic carbon fixation,
and consequently higher fresh mass production (Wang and Curtis, 2001;
Xu et al.,, 2008). Male Salix arctica also had a significantly higher
photosynthetic rate than females at elevated CO, temperature (Jones et
al.,, 1999). Male Populus tremuloides trees also showed higher
photosynthesis activity than females throughout the growing season,
regardless of CO, concentrations (Wang and Curtis, 2001). Male
Populus cathayana trees showed higher drought and chilling tolerance
then females (Zhang et al. 2011). The ratio of female to male Populus
tremuloides trees on the Front Range in Colorado was 1.27 below 2450
m of elevation, but was only 0.56 above 2900 m (Grant and Mitton,
1979), which indicates more cold tolerance of male trees.

The growth form, clonality, fleshy fruits, pollen and seed dispersal
vectors, and the possession of sex chromosomes also affect sex-ratio
and result in male-biased flowering ratio, which is twice as much as
female-biased ratios (Field et al., 2013). Male-bias was found to
associate with long-lived growth forms of trees, biotic seed dispersal,
and fleshy fruits. Female-bias associated with clonality, especially for
herbaceous species, and abiotic pollen dispersal. In addition, there are
species with extreme female-biased sex ratios, e.g. seagrasses of
Phyllospadix scouleri and P. serrulatus shows 90% female bias (Shelton,
2010). Sex ratio of Phyllospadix species were found even among
seedlings but became female-biased at later life stages, indicating that
sex ratio is driven by male-biased mortality (Shelton, 2010).

Some dioecious plants, similar to animals, show differences not only
in DNA fragments (i.e. markers) but also in sex chromosoemes. Plant
sex chromosomes are not as rare as previously assumed (Charlesworth,
2002). By families of angiosperms, Amaranthaceae, Aracaceae,
Asparagaceae, Cannabaceae, Caricaceae, Caryophyllaceae,
Cucurbitaceae, Polygonaceae, Rosaceae and Santalaceae comprise
species with sex chromosomes (Field et al., 2013). Evolutionary, plant
sex chromosomes may evolved some million years ago, e.g. in Silene, it
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might have developed about 5-10 Mya ago, however, in papaya (Carica
papaya) it might have evolved more recently. To compare, sex
chromosomes in mammals may developed 300 Mya ago (Lahn and
Page, 1999), and were discovered only about a century ago in human
(XX diploid homomorphic sex-chromosomes for females, and XY diploid
heteromorphic sex chromosome for males) (McClung, 1901). To
compare, flowering plants may began appearing in fossil records at
about of 124,6 million year ago (Mya) (Sun et al., 2002), however
angiosperms show about 158-179 MYA evolution based on DNA
sequence data (Wikstrom et al., 2001).

Heteromorphic sex chromosomes for males (XY) and homomorphic
for females (XX) were described, for e.g. Cannabis sativa, Humulus
lupulus and H. japonicus, Silene latifolia S. dioica and S. indica and
Coccinia indica. Some of them have a dosage compensation system,
e.g. in Humulus. Homomorphic sex chromosomes were characterized
cytologically in Actinidia deliciosa, A. chinensis; Asparagus officinalis,
Antennaria dioica, Carica papaya, Vasconcellea species, Silene otites,
Spinacia oleracea, Bryonia multiflora, Ecballium elaterium, Dioscorea
tokoro, Thalictrum species, Fragaria species and in Vitis (Ming et al.,
2007). Female-bias mainly occurs in species with sex chromosomes and
there is some evidence for a greater degree of bias in those with
heteromorphic sex chromosomes (Field et al., 2013).

There are plant species with more complex sex pattern including
gynodioecious VS. gynomonoecious, androdioecious VvS.
andromonoecious, and tridioecious vs. trimonoecious plants (Ainsworth
2000; Heikrujam et al., 2015). In the case of Asparagus (2n=20) there
are four different individuals (i.e. genotypes) in a population, the
homogametic females (XX), the heterogametic males (XY), the
andromonoecious males (also XY), and the supermales (YY) (li et al,,
2012). The crossing experiments revealed that when an
andromonoecious (XY) plant is selved (XY x XY), it gives a segregation
of 1 XX (with berries) : 2 XY : 1 YY; and, when a supermale (YY) plant is
crossed with a female (XX) plant (YY x XX) only male (XY) plants are
found in the progeny - both indicate a single dominant Mendelian gene
segregation (Reamon-Bittner et al., 1998). For cultivation, male and
supermale plants are desired because of the higher yield and longevity.
Breeders use difficult testcrosses to identify these genopytes, however
molecular barcoding by PCR technology (Table 1) provides powerful
tools to identify all genotypes at seedling stage (Reamon-Bdttner et al.,
1998). Unlike the time consuming cytological sex determinations, PCR
based markers highly facilitate sex determination in plants (Table 1).
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Sea-buckthorns are deciduous shrubs of Elaeagnaceae family, and
comprising about seven species. Two of them became intensively
studied and cultivated, one of them Hippophae rhamnoides, grows in
Eurasia, the other, H. salicifolia is native to Himalaya. Recently, common
sea-buckthorn is cultivated in Europe intensively for the nutritious
berries, also used as medicine. As general, seedlings (i.e. planst
developed from seeds) grow faster than the cuttings (i.e. rooted
branches, or root sprouts), so the growers and nurseries prefer seedlings
which need female-linked marker determination to exclude male
individuals at seedling stage to reduce growing costs. Here we present a
case study for the identification of gender-specific DNA marker for H.
rhamnoides by using RAPD primer OPC-20 (Figure 1), and PCR
conditions according to Sharma et al. (2010) (Table 1), however the
amplified male-specific DNA fragment was about 500 bp (Figure 1). After
a thorough sex determination of the seedlings, and by excluding 90% of
males showing the extra RAPD ‘:’AOPC-20500bp DNA band (Figure 1) a
highly productive female (90%) sea-buckthorn (H. rhamnoides)
plantation can be developed. The more proper method using SCAR
(Table 1) markers (Korekar et al., 2012) are in progress.
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Fig. 1: Male-specific RAPD OPC-20 DNA marker (500 bp) detected in
common sea-buckthorn (Hippophae rhamnoides ssp. Carpathica)
population by using the method of Sharma et al. (2010). Females (lanes
1-8) and males (lane 9-16) are identified. M1 - Mw 100 bp DNA size
marker. M2 - FastRuler Low Ramge DNA ruler. Arrowhead indicates the
male specific OPC/20-911 bp DNA band in each male plant.
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