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1. Introduction

Plant breeding and plant identification have been carried out by man already for a very long
time. By making crosses between individual plants with a better yield or a better taste,
people tried to produce varieties that were more attractive for consumption. The first
selections have been carried out many years ago and modern breeders were able to improve
these selections resulting in high productive arable crops. Because the lack of knowledge on
the genes involved in the expression of economically important traits, the development was
based on the selection of individual plants with the desired phenotype. Also the registration
and identification of varieties is till now based on phenotypic characteristics; e.g. morpholo-
gical and physiological characteristics. However the phenotype is only partially determined
by the genetic information (the DNA). The impact of the genotype can be masked by
environmental factors. By using molecular identification techniques it becomes possible to
detect directly specific fragments of genetic information and to follow these fragments in
crossing experiments. This will make the breeding process more efficient and faster. The
molecular DNA marker technology makes it possible to characterise and identify individual
plants, ecotypes and plant varieties at the genotypic level. This allows in a very quick way
to distinguish plants and varieties, and to determine relationships.

2. Molecular markers

The heritable information of each organism is present in its genes. These are distributed
over the chromosomes. The information is coded by the succession of bases in the DNA.
The controlled expression of the genes determines the development and the properties of an
organism. Expression of a gene (via a messenger RNA) results in the synthesis of a protein.
Two main groups of proteins can be distinguished: structural proteins and proteins which
have enzymatic activity. The enzymes are essential for the metabolic processes in the cell,
by which molecules are biochemically changed. The organised production of proteins and
metabolites results in the differentiation of certain cell types and finally in the specific
properties of an organism.

All genetically determined differences between individuals are a reflection of changes in
DNA sequences. These DNA changes can be demonstrated in different ways: directly on
the DNA or indirectly via the gene products or metabolites (changes in proteins, enzymes,
metabolites or visual properties). Under molecular identification techniques in the broad
sense one can classify all methods by which molecules are being analyzed: DNA, a direct
gene product (RNA and protein) or metabolites. All these molecules can be used as markers
to follow a certain property or to identify plants and varieties. However most of the time
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one uses the more strict meaning in which molecular markers are synonym for DNA
markers (Philips & Vasil, 1994).

3. Protein polymorphisms

Differences in proteins can be detected after separation by gelelectrophoresis. Total protein
extracts can be separated according to their molecular weight by denaturing sodiumdo-
decylsulphate gelelectrophoresis (SDS-PAGE). After staining a very informative but
complex pattern is obtained, which however can be very strongly influenced by non-genetic
parameters. For the analysis of iso-enzymes (Fig.1) total protein extracts are separated by
non-denaturing gelelectrophoresis. After incubation with a chromogenic substrate a
coloured band will be formed at the position where the specific enzyme activity is located
(Selander er al., 1986). In this way migration differences between iso-enzymes can be
detected. This method is easy to apply and quite reliable. The reproducibility however
depends on the developmental stage and the conditions of the plant tissues used in the
analysis. A few examples of applications with plants have been described by Manganaris &
Alston (1988) and Rajora er al. (1991).

Figure 1 : Schematic overview of an iso-enzyme analysis.
At the position where the enzyme is migrated after electrophoresis the chromo-
genic substrate changes in a coloured visual band. Amino acid changes in the
enzyme can lead to a different migration which result in a coloured band in
another position.

4. DNA polymorphisms

The genome length is very different for the different plant species. It varies from 10°
(Arabidopsis thaliana) to more than 10" (wheat, tulip) base pairs (Arumuganathan & Earle,
1991), which are distributed over a specific number of chromosomes. Each diploid
individual contains two copies of each chromosome, one copy originates from the mother
and the other copy from the father. These copies are nearly identical except for small
differences.The differences between the maternal and the paternal copy are variations in the
DNA sequence. These are the so called DNA sequence polymorphisms. These polymorp-
hisms are the molecular basis of the genetically determined phenotypical differences
between the individuals.

DNA sequence polymorphisms can be divided into different classes:

1 Base pair polymorphisms: changes, addition or deletion of a base

2 DNA sequence reorganisations: deletion, insertion, inversion or duplication of a DNA
segment.

3 Expansion - contraction polymorphisms: head-to-tail (tandem) repetitions of a certain
sequence motif (1 to a few bases long per unit). There exists a big variation in the number
of repetitions.

DNA polymophisms occur much more frequently than protein polymorphisms. The first
reason is that not all changes in the DNA sequence in a gene are leading to a (detectable)
difference in the corresponding protein. The second and more important reason is the fact
that in most of the plants 95% of the DNA is not coding for any protein.
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If a polymorphism frequency of only one in 10.000 bases is postulated in a total genome of
10° base pairs, one can expect that the paternal and maternal copies of the chromosomes
differ within one individual at 10° positions. Moreover it has been observed that certain
DNA regions are more polymorphic than other parts of the genome. Tandem repetitions of
DNA sequence motifs show a very high variability because of the expansion and contraction
of the number of repetitions. These sequences have been called "Variable Number of
Tandem Repeats" (VNTRs) or satellite sequences.

The big advantage of DNA polymorphisms, besides their high frequency, is that they are
strictly genetic. This mean that they are not affected by environmental factors. Another
advantage is that they do not have to be expressed, as a result the analysis can be carried
out on each organ and at any developmental stage of the plant. The number of techniques to
detect polymorphic DNA markers is steadily increasing.

Before discussing the different methods in detail, we want to explain some basic techniques
used in DNA research (figures 2, 3 and 4). All methods used to detect DNA polymorp-
hisms are based on differential electrophoretic band patterns. These are the result of
differences in length of the visual fragments. The fragments are produced by (i) restriction
enzyme digest of the DNA, (ii) via primer based amplification (PCR; white ez al., 1989) of
DNA sequences or (iii) by a combination of both methods. Visualisation can be done by
silverstaining, ethidium bromide fluorescence, autoradiography or non-radioactive detection
(Sambrook et al., 1989). Depending on the primers or probes used simple (one to a few
bands) or complex patterns are obtained (a so called fingerprint).

Figure 2 : A few basic principles

DNA synthesis : the DNA consists of four different units, the nucleotides or bases A, C, G
and T. The two DNA strands are complementary (A is always linked to T
and C to G) and contain a 3' head and a 5' tail. The two strands are
connected via hydrogen bounds between the complementary bases. The
two strands can be separated from each other by enzymatic reactions (e.g.
for the synthesis of DNA in the cell) or by heating (denaturation). DNA
synthesis occurs as follows: based on the sequence of the existing strand,
complementary bases are added at the 3' end of the other strand by the
DNA polymerase.

Probe : a probe is a single stranded DNA molecule, which is marked with a
radioactive or fluorescent molecule. It is obtained by cloning, chemical or
enzymatic synthesis. Such a probe recognizes in a pool of thousands of
molecules the DNA strand with the complementary sequence and forms a
stable double stranded structure with it. This phenomenon is called
hybridisation. In this way it is possible to detect the presence of corres-
ponding DNA fragments in a complex mixture (see also Fig. 5).

Restriction enzymes : bacterial enzymes that cleave DNA in fragments. These enzymes are
cleaving the double stranded DNA only at those positions where a certain
base sequence occurs. As a result DNA molecules with the same sequence
are cut in fragments with the same length. Many different restriction
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enzymes have been discovered, for example EcoRI recognises and cuts
the sequence GAATTC.

Cloning

One of the most important breakthroughs of molecular genetics was the possibi-
lity to isolate and amplify specific DNA fragments via cloning (Sambrook et al.,
1989). By the use of a restrictionenzyme a plasmid can be cut at a specific site.
In this position a piece of DNA from whatever kind of organism can be added.
The result is a recombinant plasmid (a new combination of DNA fragments that
has been made in vitro). Successively the recombinant plasmid can be introdu-
ced in a host cell (e.g. bacteria). After culturing these bacteria on selective
media, colonies with identical cells are formed.

Polymerase Chain Reaction

The polymerase chain reaction is a fast way to amplify specific DNA fragments
enzymatically in a test tube (Saiki et al., 1985). Therefor one needs two short
single stranded DNA fragments (primers), which can hybridize before and after
the desired DNA fragment. The amplification procedure exists of a cycle which
is repeated several times. This cycle contains a heating step, by which the
complementary strands are separated and single stranded DNA is formed
(denaturation), followed by a renaturation step to allow the primers to hybridise
to the complementary DNA sequence (A). The primer/DNA complexes are the
starting position for chain elongation by the Taqg DNA polymerase (B). During
each cycle the DNA will be doubled because each product from the chain
elongation can be used as starting material for the next cycle (C). By repeating
this cycle several times this reaction results in the exponential increase of the
DNA between the primers. In this way it is possible to obtain in a few hours
time millions of copies of the specific DNA piece (D).

Detection of RFLPs

Corresponding piéces of DNA (e.g. homologous chromosomes) may differ for
certain restriction sites. In this example chromosome A2 has an extra recogniti-
on site for a specific restriction enzyme. After incubation with the restriction
enzyme, gelelectrophoresis and transfer of the DNA to a membrane (Southern
blot), this polymorphism can be detected by a probe. Chromosome Al shows a
big fragment that in the case of A2 is cut in two smaller fragments. For the five
lines it is possible to determine which is the diploid genotype for this chromoso-
mal locus: A1A1, A1A2 or A2A2. The detection is achieved by the use of a
radioactive probe which can hybridise to the DNA fragment. The radioactive
irradiation causes - after autoradiography - black spots on a sensitive film at the
position where the probe is bound.
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Figure 6 : Detection of restriction site polymorphisms after DNA amplification (CAPS)
By this method, like for RFLP, restriction site polymorphisms are being
visualised. In this case the detection is not performed by the hybridisation of a
probe against a restriction digest, but by PCR amplification of the whole DNA
fragment and successive digestion with restriction enzymes. The detection
occurs directly in the gel after electrophoresis and staining of the DNA by
ethidium bromide.

5. Restriction Fragment Length Polymorphism or RFLP

RFLPs arise by variations in the DNA sequence, which result in extra recognition sites, in
the loss of similar recognition sites or in a change of the number of bases between these
restriction sites. A classical RFLP analysis is carried out as follows (Fig.5):

(1) Genomic DNA is treated with a certain restriction enzyme, which cuts the DNA in
pieces with well defined lengths. The polymorphisms will in this case result in fragments
with a different length.

(2) The fragments are separated by gelelectrophoresis. Because the large number of
fragments it is impossible to distinguish them in a gel. They are continuously distributed
from the top till the bottom of the gel.

(3) Therefore the DNA is transferred to a filter which is suitable for hybridisation.

(4) After hybridisation with a specific probe only a subset of the fragments is visualised
(e.g. by autoradiography when radioactive probes are used).

The probes which are used to detect RFLPs are cloned sequences. These can be part of
known genes or random genomic fragments. It is not necessary to know the sequence of the
probe for using it in an RFLP experiment. The only requirement is that the probe can detect
polymorphisms. This is empirically determined by using cloned sequences as a probe
against different restriction digests of several individuals.

The biggest advantage of RFLP markers is their reproducibility and the possibility to score
them co-dominantly. This means that each allele can be visualised in different genomic
combinations (Tanksley ef al., 1989).

6. Restriction digest after selective amplification: "Cleaved Amplified Polymorphic
Sequences" (CAPS)

As an alternative for the above described method and to avoid the expensive and time
consuming hybridisation step, it is possible to detect the same restriction site polymorph-
isms by PCR amplification. For this it is necessary to know the flanking sequences of these
DNA polymorphisms. On the basis of these sequences specific primers (20 - 30 bases long)
are made which allow to amplify the intervening sequence. The amplification products are
treated with restriction enzymes. The resulting fragments are then directly analyzed on gel
(Fig. 6). The amplification has the same effect as the hybridisation: lighting up of specific
fragments from the background (Fig. 7).
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These markers are co-dominant and allele specific like RFLPs, but it is easier and faster to
detect them (Konieczny & Ausubel, 1993). However, more analyse have to be carried out,
because DNA sequence information is necessary.

Figure 7 : Comparison of RFLP and CAPS
Both methods analyze the presence of polymorphic restriction sites. Specific
polymorphisms are selected and detected either by hybridisation with one
particular probe (RFLP) or by amplification with specific primers (CAPS). The
two alleles of the homologous chromosomes can be visualised together.

7. Amplification of anonymous sequences using one short primer: Random Amplified
Polymorphic DNA (RAPD)

Normal PCR technology requires knowledge of DNA sequence information for the
synthesis of primers which are specific for amplifying of the fragment. To obtain the
desired specificity primers containing 20 to 30 bases are used (a sequence of 20 bases
statistically occurs every 4°° = 10 bases). If on the contrary shorter primers are used, the
probability increases that the same sequence occurs by chance in the opposite orientation
within one to a few kilobases. A few related techniques are based on the amplification of
certain genomic fragments by using just one primer and low annealing temperatures:
Random Amplification of Polymorphic DNA or RAPD (Williams ez al., 1990)

Arbitrarily Primed PCR or AP-PCR (Welsh and McClelland, 1990)

DNA Amplification Fingerprinting or DAF (Caetano-Anollés ez al., 1991)

This primer can bind at different positions distributed over the genome. Each primer can be
used for DNA synthesis, but only these sequences will be amplified for which the primer
binding sites on the complementary strands are located within a short distance. For RFLPs
the polymorphisms are due to differences in the DNA sequence of the restriction sites or to
changes in the distance between them. RAPD polymorphisms are due to DNA changes in
the primer binding sites or in the distance between them (Fig. 8). The big advantage of the
RAPD technique is that no information is needed to generate polymorphic markers. The
DNA is mixed with a random short primer and after PCR the products are separated and
visualised on a gel. Depending on the primer and reaction conditions, simple (only a few
bands) or more complex patterns are obtained. The applied low temperature in combination
with short primers has a negative effect on the reproducibility of this method (e.g. it is very
difficult to reproduce the same patterns in different labs even if the same reaction parame-
ters are used - PCR equipment and quality of the genomic DNA are very important).
Another disadvantage for genetic analysis is that RAPD bands are dominant and in most of
the cases only one of both alleles is detected. Polymorphisms are mainly due to the absence
of one of the primer binding sites.

Figure 8 : The origin of amplification polymorphisms
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Polymorphisms can be detected by the amplification of DNA from two related organisms
using one short random primer. Amplification products will be obtained only from DNA
fragments for which the primer finds two primer binding sites which are directed towards
each other on the opposite strand and with the appropriate distance in between. Polymorp-
hisms (see also Fig. 10) are revealed by a difference in length of the PCR products (e.g. (a)
because of a small insertion) but most of the time by the presence or absence of a band (e.g.
(b) because of a deletion and (c) because of a basepair mutation of the primer binding site).
Therefore with this technique it is mostly only possible to detect just one of both alleles (b
and c do not give a PCR product for A2).

8. Selective amplification after restriction digest: Selected Restriction Fragment
Amplification (SRFA) or Amplified Fragment Length Polymorphisms (AFLP®)

This technique based on the PCR method combines characteristics from RFLP and RAPD
(Zabeau & Vos, 1993). This method is based on the amplification of a subset of genomic
restriction fragments (Fig.9). First the DNA is digested by a combination of two restriction
enzymes. Specific adaptors are ligated at the sticky ends. Afterwards the obtained fragments
are amplified using primers which are homologous to the adaptors. By amplifying all the
fragments a continuous smear is obtained. To be able to reveal only a limited number of
bands, the primers are extended with one to three arbitrary bases. When for example a G is
added to a primer only 1/4 of the fragments are amplified. Each extra base, which is added
to a primer, reduces the amount of fragments with a factor 4. The obtained fragments
depend on the restriction enzymes and primer extensions used. The method is labour
intensive and relative expensive per experiment. However this method has a lot of advanta-
ges over other techniques. No sequence data are necessary and reproducible results are
obtained. Per reaction a large number of polymorphic markers can be scored. For the
moment it is probably the fastest method to construct a genomic map.

Figure 10 : Comparison of amplification polymorphisms

Both amplification methods are using primers to amplify particular fragments
from the total DNA. In the RAPD reaction only one arbitrary short primer is
used. For the SRFA or AFLP longer primers are based on the adaptor sequen-
ces which are linked to restriction ends. Because longer primers are used in the
AFLP reaction, this method is more reproducible. Moreover it is mostly
possible to determine whether the marker is present in the homozygous or
heterozygous state. This can be achieved by determining the relative intensity
of the bands. For RAPD this is quite difficult to realise.

9. Satellite or VNTR (Variable Number or Tandem Repeats)

In eucaryotic genomes hypervariable domains can be observed. They exist of tandem
repetitions of particular sequence motifs. Depending on the length of the motif they are
classified as macro- (>100 bases), micro- (1 to a few bases) en mini- (in-between)
satellites. A few examples of the studied microsatellite loci in plants are (GT)n (fig. 11) or
(AG)n in maize and (GT)n or (GGCO)n in rice (Zhao & Kochert, 1992).
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A restriction fragment that contains a block of these repetitions is different in length for all
different alleles because the number of repetitions is very variable. The detection of VTNRs
via restriction digest and hybridisation is a special form of RFLP analysis. A probe which
contains the motif hybridizes against all similar fragments distributed over the genome. The
resulting pattern is specific for a certain organism or individual. As a result it is called a
multilocus DNA fingerprint.

Figure 11 : Detection of microsatellite polymorphisms by PCR

In this figure four different alleles from a microsatellite locus are schematically
presented (only a small number of repetitions are drawn, while in reality there
are much more). Microsatellites are highly polymorphic because of the expan-
sion contraction of the number of repetitions. Because microsatellites of the
type (GT)n are distributed over the genome, a (GT)n probe will detect many
bands. Analysis of one specific locus can be carried out by the synthesis of
specific primers that are flanking the microsatellite repetitions. The different
length of the alleles can be detected as amplified fragments of different sizes.

For certain studies a multi locus analysis is too complicated. An alternative is a single locus
analysis (Fig. 12). To detect VNTR alleles from only one locus it is necessary to clone first
the sequences flanking the VNTR. On the basis of the sequence information a probe or
primer set can be made which can specifically detect this one VNTR locus (fig. 11).
Because their high degree of polymorphism, VNTR alleles appear to be very interesting for
the comparative analysis of closely related genotypes.

Figure 12 : Satellite polymorphisms
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Figure 1 : Schematic overview of an iso-enzyme analysis.
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Figure 2 : A few basic principles
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Figure 3 : Cloning
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Figure 4 : Polymerase Chain Reaction
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Figure 5 : Detection of RFLPs
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Figure 6 : Detection of restriction site polymorphisms after DNA amplification (CAPS)
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Figure 7 : Comparison of RFLP and CAPS
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Figure 8 : The origin of amplification polymorphisms
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Figure 10 : Comparison of amplification polymorphisms
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Figure 11 : Detection of microsatellite polymorphisms by PCR
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Figure 12 : Satellite polymorphisms
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