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The development and use of molecular markers for the detection and exploitation of DNA 
polymorphism is one of the most significant developments in the field of molecular genetics. The 
presence of various types of molecular markers, and differences in their principles, methodologies, and 
applications require careful consideration in choosing one or more of such methods. No molecular 
markers are available yet that fulfill all requirements needed by researchers. According to the kind of 
study to be undertaken, one can choose among the variety of molecular techniques, each of which 
combines at least some desirable properties. This article provides detail review for 11 different 
molecular marker methods: restriction fragment length polymorphism  (RFLP), random amplified 
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), inter-simple sequence 
repeats (ISSRs), sequence characterized regions (SCARs), sequence tag sites (STSs), cleaved amplified 
polymorphic sequences (CAPS), microsatellites or simple sequence repeats (SSRs), expressed 
sequence tags (ESTs), single nucleotide polymorphisms (SNPs), and diversity arrays technology 
(DArT).  
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INTRODUCTION 
 
The differences that distinguish one plant from another 
are encoded in the plant’s genetic material, the deoxy-
ribonucleic acid (DNA). DNA is packaged in chromosome 
pairs (strands of genetic material; Figure 1), one coming 
from each parent. The genes, which control a plant’s 
characteristics, are located on specific segments of each 
chromosome. All of the genes carried by a single gamete 
(i.e., by a single representative of each of all chromo-
some pairs) is known as genome (King and Stansfield, 
1997). Although the whole genome sequence is now 
available for a few plant species such as Arabidopsis 
thaliana (The Arabidopsis Genome Initiative, 2000) and 
rice (The Rice Genome Mapping Project, 2005), to help 
identify specific genes  located  on a particular chromoso- 
 
 
 
*Corresponding author. E-mail: k.semagn@cgiar.org or 
semagnk@yahoo.com; Fax (229) 21350556; Tel 
(229)21350188. 

me,  most  scientists  use  an  indirect method called 
genetic markers. A genetic marker can be defined in one 
of the following ways: (a) a chromosomal landmark or 
allele that allows for the tracing of a specific region of 
DNA; (b) a specific piece of DNA with a known position 
on the genome (Wikipedia-the free encyclopedia; 
http://en.wikipedia.org/wiki/Genetic_marker); or (c) a 
gene whose phenotypic expression is usually easily 
discerned, used to identify an individual or a cell that 
carries it, or as a probe to mark a nucleus, chromosomes, 
or locus (King and Stansfield, 1990). Since the markers 
and the genes they mark are close together on the same 
chromosome, they tend to stay together as each 
generation of plants is produced. As scientists learn 
where markers occur on a chromosome, and how close 
they are to specific genes, they can create a genetic 
linkage map. Such genetic maps serve several purposes, 
including detailed analysis of associations between 
economically important traits and genes or quantitative 
trait   loci   (QTLs)   and   facilitate   the   introgression   of  



 
 
 
 
desirable genes or QTLs through marker-assisted 
selection. 

Genetic markers fall into one of the three broad 
classes: those based on visually assessable traits (mor-
phological and agronomic traits), those based on gene 
product (biochemical markers), and those relying on a 
DNA assay (molecular markers). The idea of using gene-
tic markers appeared very early in literatures (Sax, 1932; 
Wexelsen, 1933) but the development of electrophoretic 
assays of isozymes (Markert and Moller, 1959) and 
molecular markers (Botstein et al., 1980; Nakamura et 
al., 1987; Welsh and McClelland, 1990; Williams et al., 
1990; Adams et al., 1991; Caetano-Anolles et al., 1991; 
Akkaya et al., 1992; Akopyanz et al., 1992; Jordan and 
Humphries, 1994; Zietkiewicz et al., 1994; Vos et al., 
1995; Jaccoud et al., 2001) have greatly improved our 
understanding in biological sciences. Molecular markers 
should not be considered as normal genes, as they 
usually do not have any biological effect, and instead can 
be thought of as constant landmarks in the genome. They 
are identifiable DNA sequences, found at specific loca-
tions of the genome, and transmitted by the standard 
laws of inheritance from one generation to the next.  The 
existence of various molecular techniques and differen-
ces in their principles and methodologies require careful 
consideration in choosing one or more of such marker 
types. This review article deals on the basic principles, 
requirements, and advantages and disadvantages of the 
most widely used molecular markers for genetic diversity 
studies, genetic mapping, marker-trait association stud-
ies, and marker assisted selection programs.  
 
 
DNA Extraction is the Beginning of Molecular 
Markers Analysis 
 
Extraction (isolation) of DNA (nuclear, mitochondrial, 
and/or chloroplast DNA) from sample to be studied is the 
first step for all molecular marker types. DNA can be 
extracted either from fresh, lyophilized, preserved or 
dried samples but fresh material is ideal for obtaining 
good quality DNA. There are many alternative protocols 
for DNA extraction and the choice of a protocol depends 
on the quality and quantity of DNA needed, nature of 
samples, and the presence of natural substances that 
may interfere with the extraction and subsequent analy-
sis. DNA extraction protocols vary from simple and quick 
ones (e.g., Clancy et al., 1996; Ikeda et al., 2001; Dayteg 
et al., 1998; von Post et al., 2003) that yields low quality 
DNA but nevertheless good enough for routine analyses 
to the laborious and time-consuming standard methods 
(e.g. Murray and Thompson, 1980; Dellaporta et al., 
1983; Saghai-Maroof et al., 1984) that usually produce 
high quality and quantity of DNA (Figure 2). The most 
commonly used DNA extraction protocols involve brea-
king (through grinding) or digesting away cell walls and 
membranes in order to release the cellular constituents. 
Removal  of membranes lipids is facilitated by using dete- 

Semagn et al.    2541 
 
 
 
rgents such as sodium dodecyl sulphate (SDS), Cetyl 
trimethylammonium bromide (CTAB) or mixed alkyl 
trimethyl-ammonium bromide (MTAB). The released DNA 
should be protected from endogenous nucleases and 
EDTA is often included in the extraction buffer to chelate 
magnesium ions that is a necessary co-factor for 
nucleases. DNA extracts often contain a large amount of 
RNA, proteins, polysaccharides, tannins and pigments, 
which may interfere with the extracted DNA. Most 
proteins are removed by adding a protein degrading 
enzyme (proteinase-K), denaturation at 65 oC and 
precipitation using chloroform and isoamyl alcohol. RNAs 
are normally removed using RNA degrading enzyme 
called RNase A. Polysaccharide-like contaminants are, 
however, more difficult to remove. NaCl, together with 
CTAB is known to remove polysaccharides (Murray and 
Thompson, 1980; Paterson et al., 1993). Some protocols 
replace NaCl by KCl (Thompson and Henry, 1995).  

As DNA will be released along with other compounds 
(lipids, proteins, carbohydrates, and/or phenols), it needs 
to be separated from others by centrifugation. The DNA 
in the aqueous phase will then be transferred into new 
tubes and precipitated in salt solution (e.g. sodium ace-
tate) or alcohol (100% isopropanol or ethanol), re-
dissolved in sterile water or buffer. Finally, the concentra-
tion of the extracted DNA needs to be measured using 
either 1% agarose gel electrophoresis or spectrophoto-
meter. Agarose gel is useful to check whether the DNA is 
degraded or not (Figure 2) but estimating DNA concent-
ration by visually comparing band intensities of the 
extracted DNA with a molecular ladder of known concent-
ration is too subjective. Spectrophotometer measures the 
intensity of absorbance of DNA solution at 260 nm 
wavelength, and also indicates the presence of protein 
contaminants but it does not tell whether the DNA is 
degraded or not. There are three possible outcomes at 
the end of any DNA extraction: 
 
a) There is no DNA.  
b) The DNA appears as sheared (too fragmented), 

which is an indication of degradation for different 
reasons.  

c) DNA appears as whitish thin threads (good quality 
DNA) or brownish thread (DNA in the presence of 
oxidation from contaminants such as phenolic 
compounds).  

 
The researcher, therefore, needs to test different 
protocols in order to find out the best one that works for 
the species under investigation. 
 
 

Types of Molecular Markers 
 
Various types of molecular markers have been described 
in the literature, which are listed in alphabetical order as 
follows: allele specific associated primers (ASAP; Gu et 
al., 1995), allele specific oligo (ASO; Beckmann, 1988), 
allele specific polymerase chain reaction (AS-PCR; Land- 
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Figure 1. Structure of DNA after unpacking it from the chromosome.  

 
 
egren et al., 1988) amplified fragment length polymorphi-
sm (AFLP; Vos et al., 1995), anchored microsatellite 
primed PCR (AMP-PCR; Zietkiewicz et al., 1994), ancho-
red simple sequence repeats (ASSR; Wang et al., 1998), 
arbitrarily primed polymerase chain reaction (AP-PCR; 
Welsh and McClelland, 1990), cleaved amplified polymor-
phic sequence (CAPS; Akopyanz et al., 1992; Konieczny 
and Ausubel, 1993), degenerate oligonucleotide primed 
PCR (DOP-PCR; Telenius et al., 1992), diversity arrays 
technology (DArT; Jaccoud et al., 2001),  DNA amplifica-
tion fingerprinting (DAF; Caetano-Anolles et al., 1991), 
expressed sequence tags (EST; Adams et al., (1991), 
inter-simple sequence repeat (ISSR; Zietkiewicz et al., 
1994), inverse PCR (IPCR; Triglia et al., 1988), inverse 
sequence-tagged repeats (ISTR; Rohde, 1996), micro-
satellite primed PCR (MP-PCR; Meyer et al., 1993), 
multiplexed allele-specific diagnostic assay (MASDA; 
Shuber et al., 1997), random amplified microsatellite 
polymorphisms (RAMP; Wu et al., 1994), random amp-
lified microsatellites (RAM; Hantula et al., 1996), random 
amplified polymorphic DNA (RAPD; Williams et al., 
1990), restriction fragment length polymorphism (RFLP; 
Botstein et al., 1980), selective amplification of microsa-
tellite polymorphic loci (SAMPL; Morgante and Vogel, 
1994), sequence characterized amplified regions (SCAR; 

Paran and Michelmore, 1993), sequence specific ampli-
fication polymorphisms (S-SAP; Waugh et al., 1997), 
sequence tagged microsatelite site (STMS; Beckmann 
and Soller, 1990), sequence tagged site (STS; Olsen et 
al., 1989), short tandem repeats (STR; Hamada et al., 
1982),  simple sequence length polymorphism (SSLP; 
Dietrich et al., 1992), simple sequence repeats (SSR; 
Akkaya et al., 1992), single nucleotide polymorphism 
(SNP; Jordan and Humphries 1994), single primer ampli-
fication reactions (SPAR; Gupta et al., 1994), single 
stranded conformational polymorphism (SSCP; Orita et 
al., 1989), site-selected insertion PCR (SSI; Koes et al., 
1995), strand displacement amplification (SDA; Walker et 
al., 1992), and variable number tandem repeat (VNTR; 
Nakamura et al., 1987).  

Although some of these marker types are very similar 
(e.g., ASAP, ASO and AS-PCR), some synonymous 
(e.g., ISSR, RAMP, RAM, SPAR, AMP-PCR, MP-PCR, 
and ASSR; Reddy et al., 2002), and some identical (e.g., 
SSLP, STMS, STR and SSR), there are still a wide range 
of techniques for researchers to choose upon. One of the 
main challenges is, therefore, to associate the purpose(s) 
of a specific project with the various molecular marker 
types. The various molecular markers can be classified 
into different groups based on: 



Semagn et al.    2543 
 
 
 

 
 
Figure 2. The different methods of grinding samples for DNA extraction: (a) large scale DNA extraction using juice-maker; 
(b) medium scale DNA extraction using mortal and pestle; (c) mini-scale DNA extraction using 1.5 ml tubes and small 
grinding pestle (even a nail or driller); (d) mini-scale DNA extraction using 96-well format microtiter plates or strip tubes 
(left) and grinding machine (right); (e) DNA after precipitation in 100% isopropanol. Note that the DNA is whitish and tiny 
thread like structure, which is an indication of good quality that can easily be fished using glass hooks); (f) agarose gel 
(1%) showing DNA concentration for 8 samples and a marker (M) with a known concentration. The DNA for sample 
number 7 and 8 shows partial degradation compared to the other samples.  

 
 
 
a) Mode of transmission (biparental nuclear inheritance, 

maternal nuclear inheritance, maternal organelle 
inheritance, or paternal organelle inheritance). 

b) Mode of gene action (dominant or codominant 
markers). 

c) Method of analysis (hybridization-based or PCR-
based markers).  

 
The next section provides detail reviews for the latter. 
 
 

Hybridization-based molecular markers 
 
RFLP is the most widely used hybridization-based mole-
cular marker. RFLP markers were first used in 1975 to 
identify DNA sequence polymorphisms for genetic map-
ping of a temperature-sensitive mutation of adeno-virus 
serotypes (Grodzicker et al., 1975). It was then used for 
human genome mapping (Botstein et al., 1980), and later 
adopted for plant genomes (Helentjaris et al., 1986; 
Weber and Helentjaris, 1989). The technique is based on 
restriction enzymes that reveal a pattern difference bet-
ween DNA fragment sizes in individual organisms. 

Although two individuals of the same species have 
almost identical genomes, they will always differ at a few 
nucleotides due to one or more of the following causes: 
point mutation, insertion/deletion, translocation, inversion 
and duplication. Some of the differences in DNA sequen-
ces at the restriction sites can result in the gain, loss, or 
relocation of a restriction site. Hence, digestion of DNA 
with restriction enzymes results in fragments whose num-
ber and size can vary among individuals, populations, 
and species. The procedures and principles of RFLP 
markers are summarized in Figure 3: 
 
a) Digestion of the DNA with one or more restriction 

enzyme(s).  
b) Separation of the restriction fragments in agarose 

gel. 
c) Transfer of separated fragments from agarose gel to 

a filter by Southern blotting. 
d) Detection of individual fragments by nucleic acid 

hybridization with a labeled probe(s) 
e) Autoradiography (Perez de la Vega, 1993; Terachi, 

1993; Landry, 1994). 
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Figure 3. Outline of the different steps of restriction fragment length polymorphism (RFLP) markers. Double-
stranded DNA fragments generated by restriction enzymes are separated according to length by gel 
electrophoresis. A sheet of either nitrocellulose or nylon paper (membrane) is laid over the gel, and the separated 
DNA fragments are transferred to the sheet by blotting (Southern transfer). The gel is supported on a layer of 
sponge in a bath of alkali solution, and the buffer is sucked through the gel and the nitrocellulose paper by paper 
towels stacked on top of the nitrocellulose. As the buffer is sucked through, it denatures the DNA and transfers the 
single-stranded fragments from the gel to the surface of the nitrocellulose sheet, where they adhere firmly. This 
transfer is necessary to keep the DNA firmly in place while the hybridization procedure is carried out. The 
nitrocellulose sheet containing the bound single-stranded DNA fragments is carefully peeled off the gel and placed 
in a sealed plastic bag that contained a radioactively labeled DNA probe for hybridization. The sheet is removed 
from the bag and washed thoroughly, so that only probe molecules that have hybridized to the DNA on the paper 
remain attached. After autoradiography, the DNA that has hybridized to the labeled probe will show up as bands 
on the autoradiograph. 

 
 
 

Restriction enzymes (endonucleases) are bacterial 
enzymes (e.g., MseI, EcoRI, PstI, etc.) that recognize 
specific four, six or eight base pair (bp) sequences in 
DNA, and cleave double-stranded DNA whenever these 
sequences are encountered. For example, EcoRI has six 
bp recognition sequence and it cuts between G and A 
whenever the sequences 5’…GAATTC…3’ or 
3’…CTTAAG…5’ exit together. The choice between 
using enzymes recognizing four, six or eight bp can be 
made depending on the resolution required and the 
electrophoresis facility available. The greatest resolution 
is obtained by using 'four-cutters' (enzymes recognizing a 
four base pair sequence) because there are many such 
sites in the genome. The fragments produced will be 
relatively small, which provides a better chance of 
identifying single base alterations. Conversely, use of 
enzymes that recognizes an eight bp sequence will 
require fewer probes, because larger fragments of the 
genome are analyzed at one time. As a result of this, only 
large alterations of the DNA will be visualized and 
complex electrophoresis system must be used to resolve 
the fragments into discrete bands. As a compromise, 'six-
cutter' enzymes are most often used for RFLP analysis 
because they are readily available, cheaper and they 
usually produce fragments in the size range of 200 to 
20,000 bp, which can be separated conveniently on 
agarose gels (Table 1). After digestion by restriction 
enzymes, the DNA is present as a mixture of linear 

double-stranded molecules of various lengths. These are 
then separated by electrophoresis through agarose or 
polyacrylamide gels. The choice between agarose and 
polyacrylamide is based on the restriction enzymes 
chosen. Four-cutters produce fragments too small to be 
resolved by agarose gels; hence, polyacrylamide gels are 
required. Conversely, polyacrylamide gels can not 
normally be used to resolve the fragments produced by 
six-cutters so agarose gels must be used. These 
considerations have led to most workers use six-cutter 
enzymes, as agarose gels are much easier to handle 
(Potter and Jones, 1991). 

DNA fragments separated by gel electrophoresis are 
then denatured to single strands and transferred onto a 
solid support ('membranes' or 'filter') using a technique 
referred to as 'Southern blotting' or 'Southern hybridiza-
tion' (Southern, 1975). The basis of this is the transfer of 
the DNA from the gel to a solid support, thus preserving 
the position of the fragments as they were in the gel, yet 
enabling hybridization reactions to be performed.  Filter-
immobilized DNA is then allowed to hybridize to labeled 
probe DNA. The probes used for hybridization are 
preferably single locus and mostly species-specific 
probes of about 500 to 3000 bp in size (Staub and 
Serquen, 1996). Probes used to identify specific DNA 
fragments by hybridization are of two types: genomic 
clones (fragments of nuclear DNA) and cDNA clones 
(DNA  copies of mRNA molecules). Genomic libraries are 
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Table 1. Recommended gel percentages for separation of linear DNA. 
 

Agarose gel Polyacrylamide gel 
Gel concentration (%) Range of separation (bp) Gel concentration (%) Range of separation (bp) 

0.5 1,000-30,000 3.5 100-1,000 
0.7 800-12,000 5.0 80-500 
1.0 500-10,000 8.0 60-400 
1.2 400-7,000 12.0 40-200 
1.4 200-4000 20.0 5-100 
2.0 50-2,000   

 
 
 
easy to construct and will contain many repetitive probes 
because repetitive sequences constitute the largest pro-
portion of plant genomic DNA. Such probes will hybridize 
into many fragments on the filters and produce very com-
plex patterns. cDNA libraries are difficult to construct but 
they contain predominantly unique or low copy number 
sequences representing expressed genes and usually 
provide fewer bands on the filter (for details, see ESTs 
below). Although use of cDNA probes will help the 
identification of small changes, the proportion of the 
genome covered by each probe will be relatively small 
and many more probes must be used (Potter and Jones, 
1991). Therefore, the selection of appropriate source for 
RFLP probe varies with the requirement of particular 
application under consideration. The denatured probe 
solution is left in contact with the filter to allow hybridiza-
tion of the probe to target sequences. Hybridization is the 
process by which the labeled probe binds to complement-
tary DNA on the filter, enabling visualization of specific 
DNA fragments. Labeling has been traditionally achieved 
by means of radioactive nucleotides, but non-radioactive 
methods are now available (Holtke et al., 1995; Mansfield 
et al., 1995). Non-specific hybridization must then be 
washed off under more 'stringent' conditions than those 
used for initial hybridization. If radioactive probes are 
used, the filter is placed against photographic film, where 
radioactive disintegrations from the probe result in visible 
bands. An autoradiography of membrane will reveal the 
set of fragments complementary to the probe. With non-
radio-active probes, such as digoxigenin, antibodies 
against the modified nucleotides and a coupled enzyma-
tic reaction are used to show up the set of fragments 
directly on the membrane (Holtke et al., 1995).  

The information obtained with the RFLP technique 
depends upon both the number of probes and restriction 
enzymes used. Each different probe hybridizes with a 
different set of genomic DNA fragments and each enzy-
me excises a segment of genomic DNA at different points 
(Perez de la Vega, 1993). The major strength of RFLP 
markers are high reproducibility, codominant inheritance, 
good transferability between laboratories, provide locus-
specific markers that allow synteny (conserved order of 
genes between related organisms) studies,  no sequence 
information required, and relatively easy to score due to 

large size difference between fragments. There are, 
however, several limitations for RFLP analysis:   
 
I. It requires the presence of high quantity and quality 

of DNA (e.g., Potter and Jones, 1991; Roy et al., 
1992; Young et al., 1992). 

II. It depends on the development of specific probe 
libraries for the species.  

III. The technique is not amenable for automation. 
IV. The level of polymorphism is low, and few loci are 

detected per assay. 
V. It is time consuming, laborious, and expensive (Yu et 

al., 1993). 
VI. It usually requires radioactively labeled probes. 
 
 
PCR-based markers 
 
PCR is a molecular biology technique for enzymatically 
replicating (amplifying) small quantities of DNA without 
using a living organism. It is used to amplify a short 
(usually up to 10 kb), well-defined part of a DNA strand 
from a single gene or just a part of a gene. Since its 
invention by Kary Mullis in 1983, this technique enabled 
the development of various types of PCR-based techni-
ques (and a Nobel Prize for Kary Mullins in 1993). 
However, the basic PCR procedure was described in 
1968 by Kleppe and his co-workers in Khorana’s group, 
and it has been discussed if the main contribution of 
Mullis was the thermostable DNA polymerase and if he 
actually knew this paper. This point has been important in 
challenging the PCR patent. The basic protocol for PCR 
is simple (Figure 4): 
 
I. Double-stranded DNA is denatured at high 

temperature (92-95 oC) to form single strands 
(templates).  

II. Short single strands of DNA (known as primers) bind 
at a lower annealing temperature to the single 
stranded complementary templates at ends flanking 
the target sequences. 

III. The temperature is raised usually to 72 oC (some-
times 68 oC) for the DNA polymerase enzyme to 
catalyze the template-directed syntheses of new 
double-stranded DNA molecules that are identical in 
sequence to the starting material. 
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Figure 4. Schematic drawing of the different steps of polymerase chain reaction (PCR): (a) denaturing step at 92-95°C; (b) primer 
annealing step (37-68°C depending of the technique); (c) extension step at 72°C (P=Taq DNA polymerase), and (d) end of the first 
cycle with two copies of DNA strands. The two resulting DNA strands make up the template DNA for the next cycle, thus doubling 
the amount of DNA duplicated for each new cycle (Source: http://en.wikipedia.org/wiki/Polymerase_chain_reaction). 

 
 
 

IV. The newly synthesized double-stranded DNA target 
sequences are denatured at high temperature, and 
the cycle is repeated. 

  
The amplification of target DNA can be exponential in 
that every cycle has the potential to double the amount of 
target DNA from the previous cycle, provided there is 
sufficient amount of DNA polymerase, primers, and 
deoxynucleotide triphosphates (dNTPs) in the reaction 
solution. Although the basic protocol of PCR is straight-
forward, each application requires optimizing the various 
parameters for the species to be studied. 

Back in the early days of PCR work, the DNA polymer-
ase would need to be added fresh to the reaction at each 
temperature cycle because thermostable (high tempera-
ture tolerant) DNA polymerases were not commercially 
available. Of course, there were also no thermocyclers so 
moving the tubes from one temperature bath to another 
for several hours was a job that fells to graduate students 

and/or technicians. The discovery of Taq DNA polymer-
rase, the DNA polymerase that is used by the bacterium 
Thermus auquaticus in hot springs, was decisive for the 
immense utility and popularity of PCR-based techniques. 
The original function of this enzyme was to facilitate the 
in vivo replication of DNA in the thermophilic bacteria, 
and thus it ables to operate at the high temperature 
required for the in vitro replication. This DNA polymerase 
is stable at high temperature needed to perform the 
amplification, whereas other DNA polymerases become 
denatured. Nowadays, the PCR technology is much more 
advanced with a wide range of thermostable DNA 
polymerases (such as Taq, Pfu or Vent polymerase) and 
automation of reactions can be done by a PCR machine 
(thermocycler) that has found its way into nearly every 
molecular biology lab in the world.  

The major advantages of PCR techniques compared to 
hybridization-based methods include: 

1st cycle 

2nd cycle 

3rd cycle 



 
 
 
 
1. A small amount of DNA is required.  
2. Elimination of radioisotopes in most techniques.  
3. The ability to amplify DNA sequences from preserved 

tissues. 
4. Accessibility of methodology for small labs in terms of 

equipment, facilities, and cost.  
5. No prior sequence knowledge is required for many 

applications, such as AP-PCR, RAPD, DAF, AFLP 
and ISSR. 

6. High polymorphism that enables to generate many 
genetic markers within a short time, and  

7. The ability to screen many genes simultaneously 
either for direct collection of data or as a feasibility 
study prior to nucleotide sequencing efforts (Wolfe 
and Liston, 1998).  

        
These advantages, however, can vary depending on the 
specific technique chosen by the researcher. The various 
PCR-based techniques are of two types depending on 
the primers used for amplification: 
 
1) Arbitrary or semi-arbitrary primed PCR techniques 

that developed without prior sequence information 
(e.g., AP-PCR, DAF, RAPD, AFLP, ISSR). 

2) Site-targeted PCR techniques that developed from 
known DNA sequences (e.g., EST, CAPS, SSR, 
SCAR, STS).  

 
 
Arbitrarily Amplified DNA Markers 
 
RAPD (random amplified polymorphic DNA), AP-PCR 
(arbitrarily primed PCR) and DAF (DNA amplification 
fingerprinting) have been collectively termed multiple 
arbitrary amplicon profiling (MAAP; Caetano-Annolles, 
1994). These three techniques were the first to amplify 
DNA fragments from any species without prior sequences 
information. The difference among MAAP techniques 
include modifications in amplification profiles by changing 
primer sequence and length, annealing temperature 
(Caetano-Anolles et al., 1992), the number of PCR cycles 
used in a reaction (Caetano-Anolles et al., 1991; Welsh 
and McClelland, 1991; Micheli et al., 1993; Jain et al., 
1994), the thermostable DNA polymerase used (Bassam 
et al., 1992), enzymatic digestion of template DNA or 
amplification products (Caetano-Anolles et al., 1993), and 
alternative methods of fragment separation and staining. 
These three techniques produce markedly different 
amplification profiles, varying from quite simple (RAPD) 
to highly complex (DAF) patterns. The key innovation of 
RAPD, AP-PCR and DAF is the use of a single arbitrary 
oligonucleotide primer to amplify template DNA without 
prior knowledge of the target sequence. The amplification 
of nucleic acids with arbitrary primers is mainly driven by 
the interaction between primer, template annealing sites 
and enzymes, and determined by complex kinetic and 
thermodynamic processes (Caetano-Anolles, 1997). A 
discrete PCR  product is produced when, at an appropria- 
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te annealing temperature, the single primer binds to sites 
on opposite strands of the genomic DNA that are within 
an amplifiable distance (Figure 5), generally less than 
3,000 base pairs. In all AP-PCR, DAF and RAPD, 
polymorphisms (band presence or absence) result from 
changes in DNA sequence that inhibit primer binding or 
interfere with amplification of a particular marker in some 
individuals; therefore, they can be simply detected as 
DNA fragments that are amplified from one individual but 
not from another.  

The RAPD protocol usually uses a 10 bp arbitrary 
primer at constant low annealing temperature (generally 
34 – 37 oC). RAPD primers can be purchased as sets or 
individually from different sources, such as the University 
of British Colombia (http://www.michaelsmith.ubc.ca/ser-
vices/NAPS/Primer_Sets) and the Operon Biotechnolo-
gies (http://www.operon.com). Although the sequences of 
RAPD primers are arbitrarily chosen, two basic criteria 
indicated by Williams et al. (1990) must be met: a 
minimum of 40% GC content (50 - 80% GC content is 
generally used) and the absence of palindromic sequen-
ce (a base sequence that reads exactly the same from 
right to left as from left to right). Because G-C bond 
consists of three hydrogen bridges and the A-T bond of 
only two, a primer-DNA hybrid with less than 50% GC will 
probably not withstand the 72 oC temperature at which 
DNA elongation takes place by DNA polymerase. The 
resulting PCR products are generally resolved on 1.5-
2.0% agarose gels and stained with ethidium bromide 
(EtBr); polyacrylamide gels in combination with either 
AgNO3 staining (e.g., Huff et al., 1993; Vejl, 1997; 
Hollingsworth et al., 1998), radioactivity (e.g., Pammi et 
al., 1994), or fluorescently labeled primers or nucleotides 
(e.g., CorleySmith et al., 1997; Weller and Reddy, 1997) 
are sometimes used. Despite its low resolving power, the 
simplicity and low cost of agarose gel electrophoresis has 
made RAPD more popular and rapid than AP-PCR and 
DAF. 

Most RAPD fragments result from the amplification of 
one locus, and two kinds of polymorphism occur: the 
band may be present or absent, and the brightness 
(intensity) of the band may be different (Figure 6). Band 
intensity differences may result from copy number or 
relative sequence abundance (Devos and Gale, 1992) 
and may serve to distinguish homozygote dominant indi-
viduals from heterozygotes, as more bright bands are 
expected for the former. However, some authors (Thor-
mann et al., 1994) found no correlation between copy 
number and band intensity. The fact that fainter bands 
are generally less robust in RAPD experiments (Ellsworth 
et al., 1993; Heun and Helentjaris, 1993) suggests that 
varying degrees of primer mismatch may account for 
many band intensity differences. Since the source of 
band intensity differences is uncertain (copy number or 
primer mismatch), most studies disregard scoring differ-
ences in band intensity although some authors have used 
up  to  7-state  scale  of  band  intensity  (Demeke  et  al.,
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Figure 5. Schematic drawing for reaction conditions for random amplified polymorphic DNA (RAPD). The primers must anneal in 
a particular orientation (such that they point towards each other) and within a reasonable distance of one another. The arrows 
represent multiple copies of a single primer and the direction of the arrow indicates the direction in which DNA synthesis will 
occur. The numbers represent primer annealing sites on the DNA template. For sample 1, primers anneal to sites 1, 2, and 3 on 
the top strand of the DNA template and to sites 4, 5, and 6 on the bottom strand of the DNA template. In this example, only 2 
RAPD products are formed for sample 1: (i) product A is produced by PCR amplification of the DNA sequence which lies in 
between the primers bound at positions 2 and 5; (ii) product B is the produced by PCR amplification of the DNA sequence which 
lies in between the primers bound at positions 3 and 6. No PCR product is produced by the primers bound at positions 1 and 4 
because these primers are too far apart to allow completion of the PCR reaction. No PCR products are also produced by the 
primers bound at positions 4 and 2 or positions 5 and 3 because these primer pairs are not oriented towards each other. For 
sample 2, the primer failed to anneal at position 2 and PCR product was obtained only for primers bound at position 3 and 6. 

 
 
 

  
 

a b d c 

 

 
 
Figure 6. RAPD amplification products separated on 1.5% agarose gels with ethidium bromide staining (a-c) and 
10% polyacrylamide gel with silver nitrate staining (d): (a) poor amplification, (b) good amplification, (c) the problem 
of homology of comigrating RAPD bands of 6 samples in agarose gel, and (d) each of the bands numbered from 1 
to 4 in the agarose gel appeared to be two comigrating bands in the polyacrylamide gels.  

 
 
 

1992; Adams and Demeke, 1993). 
 
 
 

RAPD has three limitations:  
 
1) Reproducibility 
2) Dominant inheritance 



 
 
 
 
3) Homology 
       
Several factors have been reported to influence the 
reproducibility of RAPD reactions: quality and quantity of 
template DNA, PCR buffer, concentration of magnesium 
chloride, primer to template ratio, annealing temperature, 
Taq DNA polymerase brand or source, and thermal cyc-
ler brand (Wolff et al., 1993). The concern about repro-
ducibility of RAPD markers, however, could be overcome 
through choice of an appropriate DNA extraction proto-
col to remove any contaminants (Micheli et al., 1994), by 
optimizing the parameters used (Ellsworth et al., 1993; 
Skroch and Nienhuis, 1995), by testing several oligonuc-
leotide primers and scoring only the reproducible DNA 
fragments (Kresovich et al., 1992; Yang and Quiros, 
1993), and by using appropriate DNA polymerase brand. 
The presence of artifactual bands (false positives) 
corresponding to rearranged fragments produced by 
nested primer binding sites (Schierwater et al., 1996; 
Rabouam et ,al. 1999) and intrastrand annealing and 
interactions during PCR (Hunt and Page, 1992; Caetano-
Anolles et al., 1992) have also been reported to influence 
the reliability of RAPD data. The presence of both false 
negatives and false positives may, if frequent, seriously 
restrict the reliability of RAPDs for various purposes, 
including genetic diversity and mapping studies. All pair 
wise comparison of RAPD fragments along samples 
begins with the assumption that co-migrating bands (i.e., 
bands that migrate equal distance) represent homolo-
gous loci. However, as in any study based on electropho-
retic resolution, the assumption that equal length equals 
homology may not be necessarily true, especially in 
polyploid species. For example, some RAPD bands 
scored as identical (equal length) have been found not to 
be homologous (e.g., Thormann et al., 1994; Pillay and 
Kenny, 1995; Figure 6); more accurate resolution of 
fragment size using polyacrylamide gels and AgNO3 
staining have been reported to reduce such errors (e.g., 
Huff et al., 1993). The other limitation of RAPD markers is 
that the majority of the alleles segregate as dominant 
markers, and hence the technique does not allow identi-
fying dominant homozygotes from heterozygotes. The 
RAPD assays produce fragments from homozygous 
dominant or heterozygous alleles. No fragment is produ-
ced from homozygous recessive alleles because ampli-
fication is disrupted in both alleles.  

The original DAF protocol is mainly different from 
RAPD in that it uses short primers (at least 5 bp), higher 
primer concentrations, two-temperature cycles in stead of 
three-temperature cycles, and detection of amplification 
product on AgNO3 stained polyacrylamide gel. The main 
characteristics of AP-PCR technique in comparison to 
RAPD and DAF are: 
 
a) The amplification reaction is divided into three steps, 

each with different stringencies and concentrations of 
constituents. 
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b) High primer concentrations are used in the first 

cycles. 
c) Primers of 20 or more nucleotides, originally design-

ned for other purposes (e.g., sequencing primers) are 
chosen arbitrarily. 

d) Detection of amplification products involve radioacti-
vity and autoradiography (Weising et al., 1995). 

 
 
AFLP (amplified fragment length polymorphism) 
 
AFLP technique combines the power of RFLP with the 
flexibility of PCR-based technology by ligating primer-
recognition sequences (adaptors) to the restricted DNA 
(Lynch and Walsh, 1998). The key feature of AFLP is its 
capacity for “genome representation”: the simultaneous 
screening of representative DNA regions distributed ran-
domly throughout the genome. AFLP markers can be 
generated for DNA of any organism without initial invest-
ment in primer/probe development and sequence analy-
sis. Both good quality and partially degraded DNA can be 
used for digestion but the DNA should be free of restrict-
tion enzyme and PCR inhibitors. Details of the AFLP 
methodology have been reviewed by various authors 
(e.g., Blears et al., 1998; Mueller and Wolfenbarger, 
1999; Ridout and Donini, 1999). The first step in AFLP 
analysis involves restriction digestion of genomic DNA 
(about 500 ng) with a combination of rare cutter (EcoRI or 
PstI) and frequent cutter (MseI or TaqI) restriction 
enzymes (Figure 7). Double-stranded oligonucleotide 
adaptors are then designed in such a way that the initial 
restriction site is not restored after ligation. Such adaptors 
are ligated to both ends of the fragments to provide 
known sequences for PCR amplification.  

As described by Vos et al. (1995), PCR amplification 
will only occur where the primers are able to anneal to 
fragments which have the adaptor sequence plus the 
complementary base pairs to the additional nucleotides 
called selective nucleotides. An aliquot is then subjected 
to two subsequent PCR amplifications under highly 
stringent conditions with primers complementary to the 
adaptors, and possessing 3` selective nucleotides of 1 - 3 
bases (Figure 7). The first PCR (preamplification) is 
performed with primer combinations containing a single-
bp extension while final (selective) amplification is 
performed using primer pairs with up to 3-bp extension. 
Because of the high selectivity, primers differing by only a 
single base in the AFLP extension amplify a different 
subset of fragments. A primer extension of one, two or 
three bases reduces the number of amplified fragments 
by factors of 4, 16 and 64, respectively. Ideal primer 
extension lengths will vary with genome size of the spe-
cies and will result in an optimal number of bands: not too 
many bands to cause smears or high levels of band 
comigration during electrophoresis, but sufficient to provi-
de adequate polymorphism (Vos et al., 1995). 

AFLP fragments are visualized either on agarose gel or 
on  denaturing polyacrylamide gels with autoradiography,  
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Figure 7. Steps in AFP analysis: small amounts of DNA are digested with two restriction enzymes (a), and adaptors are 
joined (ligated) to these ends (b). The end sequences of each adapted fragment consist of the adaptor sequence (in red) 
and the remaining part of the restriction sequence (in blue and green). To achieve amplification of a subset of these 
fragments, primers are extended into the unknown part of the fragments [underlined base pairs (bp)], usually one to three 
arbitrarily chosen bases beyond the restriction site (c, in black). The first PCR (preamplification) is performed with a 
single-bp extension, followed by a more selective primer with up to a 3-bp extension (Mueller and Wolfenbarger, 1999). 

 
 
 

AgNO3 staining (Figure 8) or automatic DNA sequencers. 
Polyacrylamide gel electrophoresis (PAGE) provides 
maximum resolution of AFLP banding patterns to the 
level of single-nucleotide length differences, whereas 
fragment length differences of less than ten nucleotides 
are difficult to score on agarose gels. For automatic AFLP 
product separation using fluorescent detection systems 
on DNA sequencers, such as ABI Prism, one of the 
selective primers must be labeled with different colored 
dyes   (fluorophore)   at  the  5`  end  such  as  6-carboxy- 
fluorescine (6-FAM), hexachloro-6-carboxy-fluorescine 
(HEX) or tetrachloro-6-carboxy-fluorescine (TET), etc. 

Only fragments containing a priming site complementary 
to the fluorophore labeled primer will be detected by the 
sequencers. There are four essential elements of 
fluorescence detection system: 
 
a) An excitation source 
b) A fluorophore 
c) Wavelength filters to isolate emission photons from 

excitation photons.  
d) A detector that registers emission photons and pro-

duces a recordable output, usually as an electrical 
signal or a photographic image. 
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Figure 8. An example of AFLP analysis in plants. Agarose gel showing digested and undigested DNA (a), and 
preselective amplification products (b) for AFLP analysis; (c) the effect of partial digestion on selective amplification (the 
same sample was digested with five different concentrations of EcoRI and MseI enzymes, with lane 1 and lane 5 
representing amplification products after digestion with the highest and lowest enzyme concentrations, respectively. 
Banding pattern for lanes 1 and 2 are the correct ones but not that of lanes 4 and 5); (d) selective amplification products 
for nine samples (1-9) and two primer pairs (E-AA/M-CAC for Panel A and E-AC/MCAC for Panel B).   

 
 
 

Regardless of the application, compatibility of these 
four elements is essential for optimizing fluorescence 
detection. For high throughput analysis, three to nine 
different reactions labeled with different dyes can be 
multiplexed and loaded in a single lane (e.g., ABI Prism® 
377 DNA Sequencer) or in a single injection (e.g., ABI 
Prism 3730 DNA Analyzer). An internal size standard 
labeled in a different color need to be loaded to estimate 
the size of AFLP amplification fragments using computer 
programs (e.g., GeneScan and GeneMapper software’s  
from PE Applied Biosystems; http://www.app-
liedbiosystems.com). 

AFLP analysis is not as easy to perform as RAPDs, but 
is more efficient than using RFLPs. The advantages of 
AFLP include: 
 
1) It is highly reliable and reproducible (Mueller et al., 

1996; Lin et al., 1996; Powell et al., 1996; Jones et 
al., 1997).  

2) It does not require any DNA sequence information 
from the organism under study. 

3) It is information-rich due to its ability to analyze a 
large number of polymorphic loci simultaneously 
(effective multiplex ratio) with a single primer combi-
nation on a single gel as compared to RAPDs, 

RFLPs and microsate-llites (Powell et al., 1996; 
Milbourne et al., 1997; Russell et al., 1997). 

4) Co-migrating AFLP amplification products are mostly 
homologous and locus specific (vanderVoort et al., 
1997; Waugh et al., 1997; Qi et al., 1998), with 
exceptions in polyploidy species. 

 
 
In contrast to RAPD, the limitations of AFLP include: 
 
a) It requires more number of steps to produce the 

result. 
b) It requires template DNA free of inhibitor compounds 

that interferes with the restriction enzyme. 
c) The technique requires the use of polyacrylamide gel 

in combination with AgNO3 staining, radioactivity, or 
fluore-scent methods of detection, which will be more 
expensive and laborious than agarose gels. 

d) It involves additional cost to purchase both restriction 
and ligation enzymes as well as adapters. 

e) Like RAPD, most AFLP loci are dominant, which 
does not differentiate dominant homozygotes from 
heterozygotes. This reduces the accuracy of AFLP 
markers in population genetic analysis, genetic map-
ping, and marker assisted selection.  
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Figure 9. A schematic representation of ISSR-PCR with a single primer (AG)8, unanchored (a), 3’-anchored 
(b) and 5’-anchored (c) targeting a (TC)n repeat used to amplify inter simple sequence repeat region flanked 
by two inversely oriented (TC)n sequences. (a) Unanchored (AG)n primer can anneal anywhere in the (TC)n 
repeat region on the template DNA leading to slippage and ultimately smear formation; (b) (AG)n primer 
anchored with 2 nucleotides (NN) at the 3’ end anneals at specific regions on the template DNA and 
produces clear bands; (c) (AG)n primer anchored with 2 nucleotides (NN) at the 5’ end anneals at specific 
regions and amplifies part of the repeat region also leading to larger bands (Reddy et al., 2002). 

 
 
 
ISSR (inter-simple sequence repeat) 
 
ISSR involves amplification of DNA segments present at 
an amplifiable distance in between two identical microsa-
tellite repeat regions oriented in opposite direction (Figure 
9). The technique uses microsatellites as primers in a 
single primer PCR reaction targeting multiple genomic 
loci to amplify mainly inter simple sequence repeats of 
different sizes. The microsatellite repeats used as pri-
mers for ISSRs can be di-nucleotide, tri-nucleotide, tetra-
nucleotide or penta-nucleotide. The primers used can be 
either unanchored (Meyer et al., 1993; Gupta et al., 1994; 
Wu et al., 1994) or more usually anchored at 3` or 5` end 
with 1 to 4 degenerate bases extended into the flanking 
sequences (Zietkiewicz et al., 1994; Figure 9). ISSRs use 

longer primers (15–30 mers) as compared to RAPD 
primers (10 mers), which permit the subsequent use of 
high annealing temperature leading to higher stringency. 
The annealing temperature depends on the GC content 
of the primer used and ranges from 45 to 65 oC. The 
amplified products are usually 200–2000 bp long and 
amenable to detection by both agarose and 
polyacrylamide gel electrophoresis.  

ISSRs exhibit the specificity of microsatellite markers, 
but need no sequence information for primer synthesis 
enjoying the advantage of random markers (Joshi et al., 
2000). The primers are not proprietary and can be syn-
thesized by anyone. The technique is simple, quick, and 
the use of radioactivity is not essential. ISSR markers 
usually show high polymorphism (Kojima et al., 1998) alt- 
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Figure 10. Microsatellites PCR products separated on polyacrylamide gels with silver nitrate staining. (a) Banding 
patterns of 15 rice cultivars (number 1 to 15) amplified using RM252 microsatellite primer; M is a molecular size 
ladder, with the size of each band indicated on the left side of the gel (http://www.gramene.org). (b) Gel showing 
microsatellites allelic diversity for gwm389 primer and 13 hexaploid wheat samples, with each sample possessing 
a different allele; M is a 10-bp molecular weight ladder and placed on either side of the gel (Liu and Anderson, 
2003).  

 
 
 
hough the level of polymorphism has been shown to vary 
with the detection method used. Polyacrylamide gel 
electrophoresis (PAGE) in combination with radioactivity 
was shown to be most sensitive, followed by PAGE with 
AgNO3 staining and then agarose gel with EtBr system of 
detection. Like RAPDs, reproducibility, dominant inheri-
tance and homology of comigrating amplification products 
are the main limitations of ISSRs. Fang and Roose 
(1997) reported a reproducibility level of more than 99% 
after performing repeatability tests for ISSR markers by 
using DNA samples of the same cultivar grown in differ-
ent locations, DNA extracted from different aged leaves 
of the same individual, and by performing separate PCR 
runs. In other cases, the reproducibility of ISSRs ampli-
fication products ranged from 86 to 94%, with the 
maximum being when polyacrylamide gel electrophoresis 
and AgNO3 staining were used and weak bands exclu-
ded from scoring (Moreno et al., 1998). ISSRs segregate 
mostly as dominant markers (Gupta et al., 1994; Tsu-
mura et al., 1996; Ratnaparkhe et al., 1998; Wang et al., 
1998), although co-dominant segregation has been 
reported in some cases (Wu et al., 1994; Akagi et al., 
1996; Wang et al., 1998; Sankar and Moore, 2001). 
There is also a possibility as in RAPD that fragments with 
the same mobility originate from non-homologous regions 
(Sanchez et al., 1996).   
 
 
Microsatellites  
 
The genomes of higher organisms contain tree types of 
multiple copies of simple repetitive DNA sequences (sat-
ellite DNAs, minisatellites, and microsatellites) arranged 
in arrays of vastly differing size (Armour et al., 1999; 
Hancock, 1999). Microsatellites (Litt and Luty, 1989), also 
known as simple sequence repeats (SSRs; Tautz et al., 
1986), short tandem repeats (STRs) or simple sequence 

length polymorphisms (SSLPs; McDo-nald and Potts, 
1997), are the smallest class of simple repetitive DNA 
sequences. Some authors (e.g. Armour et al., 1999) 
define microsatellites as 2–8 bp repeats, others (e.g., 
Goldstein and Pollock, 1997) as 1–6 or even 1–5 bp 
repeats (Schlotterer, 1998). Chambers and MacAvoy 
(2000) suggested following a strict definition of 2–6 bp 
repeats, in line with the descriptions of the original 
authors. Microsatellites are born from regions in which 
variants of simple repetitive DNA sequence motifs are 
already over represented (Tautz et al., 1986). It is now 
well established that the predominant mutation mecha-
nism in microsatellite tracts is ‘slipped-strand mispairing’ 
(Levinson and Gutman, 1987). This process has been 
well described by Eisen (1999). When slipped-strand 
mispairing occurs within a microsatellite array during 
DNA synthesis, it can result in the gain or loss of one, or 
more, repeat units depending on whether the newly 
synthesized DNA chain loops out or the template chain 
loops out, respectively. The relative propensity for either 
chain to loop out seems to depend in part on the 
sequences making up the array, and in part on whether 
the event occurs on the leading (continuous DNA synthe-
sis) or lagging (discontinuous DNA synthesis) strand 
(Freudenreich et al., 1997). SSR allelic differences are, 
therefore, the results of variable numbers of repeat units 
within the microsatellite structure. The repeated sequen-
ce is often simple, consisting of two, three or four nucleo-
tides (di-, tri-, and tetranucleotide repeats, respectively). 
One common example of a microsatellite is a dinucleo-
tide repeat (CA)n, where n refers to the total number of 
repeats that ranges between 10 and 100. These markers 
often present high levels of inter- and intra-specific poly-
morphism, particularly when tandem repeats number is 
ten or greater (Queller et al., 1993). 

PCR  reactions for SSRs is run in the presence of forw- 
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ard and reverse primers that anneal at the 5` and 3` ends 
of the template DNA, respectively. PCR fragments are 
usually separated on polyacrylamide gels in combination 
with AgNO3 staining (Figure 10), autoradiography or 
fluorescent detection systems. Agarose gels (usually 3%) 
with EtBr can also be used when differences in allele size 
among samples is larger than 10 bp. However, the 
establishment of microsatellite primers from scratch for a 
new species presents a considerable technical challenge. 
Several protocols have been developed (Bruford et al., 
1996; McDonald and Potts, 1997; Hammond et al., 1998; 
Schlotterer, 1998) and details of the methodologies are 
reviewed by different authors (e.g., Chambers and 
MacAvoy, 2000; Zane et al., 2002; Squirrell et al., 2003). 
A review by Zane et al. (2002) describes some of the 
technical advances that have been made in recent years 
to facilitate microsatellite development. They cover a ran-
ge of methods for obtaining sequences rich in micro-
satellite repeats (some of which can be undertaken in a 
matter of days), and also highlight the availability of com-
panies who will undertake the construction of enriched 
microsatellite libraries as a commercial service. The 
development of microsatellite markers involves several 
distinct steps from obtaining the library to developing a 
working set of primers that can amplify polymorphic 
microsatellite loci. These include: 
 
1) Microsatellite library construction. 
2) Identification of unique microsatellite loci. 
3) Identifying a suitable area for primer design. 
4) Obtaining a PCR product. 
5) Evaluation and interpretation of banding patterns. 
6) Assessing PCR products for polymorphism (Roder et 

al., 1998). 
 
SSR primers are developed by cloning random segments 
of DNA from the target species. These are inserted into a 
cloning vector, which is in turn, implanted into Escheri-
chia coli bacteria for replication. Colonies are then 
developed, and screened with single or mixed simple 
sequence oligonucleotide probes that will hybridize to a 
microsatellite repeat, if present on the DNA segment. If 
positive clones for microsatellite are obtained from this 
procedure, the DNA is sequenced and PCR primers are 
chosen from sequences flanking such regions to deter-
mine a specific locus. This process involves significant 
trial and error on the part of researchers, as microsatellite 
repeat sequences must be predicted and primers that are 
randomly isolated may not display polymorphism (Queller 
et al., 1993; Jarne and Lagoda, 1996). 

The next step is to select the best candidate markers 
and then to optimize conditions for their amplification.  
Optimization of microsatellite systems involves a more or 
less comprehensive survey of PCR conditions for 
amplification of candidate loci. The objective here is to 
adequately balance the often conflicting requirements for 
high specificity and high intensity of  amplification produc-  

 
 
 
 
ts. Thus, the issue of signal strength and purity remains 
the primary focus. Other considerations include obtaining 
products from various loci with non-overlapping ranges of 
allele sizes, which can be amplified with similar efficiency 
under a standard set of conditions and enables multiple-
xing for high throughput analysis (Schlotterer, 1998). 
Microsatellite loci are more common in some organisms 
than in others, and screening may produce few useful loci 
in some species (Cooper, 1995). The efficiency of micro-
satellite marker development depends on the abundance 
of repeats in the target species and the ease with which 
these repeats can be developed into informative markers. 
When researchers are isolating plant microsatellites, 
about 30% of the sequenced clones, on average, can be 
lost due to the absence of unique microsatellites. Of 
those sequences that contain unique microsatellites, a 
number of the clones in a library can contain identical 
sequences (and hence there is a level of redundancy) 
and/or chimeric sequences (i.e., one of the flanking 
regions matches that of another clone). At each stage of 
SSR development, therefore, there is the potential to 
‘lose’ loci, and hence the number of loci that will finally 
constitute the working primer set will be a fraction of the 
original number of clones sequenced (Squirrell et al., 
2003). The conversion of microsatellite-containing seque-
nces into useful markers can be quite difficult, especially 
in species with large genomes (Smith and Devey, 1994; 
Kostia et al., 1995; Roder et al., 1995; Pfeiffer et al., 
1997; Song et al., 2002). The low conversion rates of pri-
mer pairs to useful markers in these species are due to 
the high level of repetitive DNA sequences in their geno-
mes. The recovery rate for useful SSR primers is gene-
rally low due to different reasons:  
 
a) The primer may not amplify any PCR product. 
b) The primer may produce very complex, weak or non-

specific amplification patterns.  
c) The amplification product may not be polymorphic. 
 
Investigators often prefer to work with loci containing tri- 
and tetra-nucleotide repeat arrays rather than di-
nucleotide arrays because the former frequently give 
fewer “stutter bands” (multiple near-identical ‘ladders’ of 
PCR products which are one or two nucleotides shorter 
or longer than the full length product; Figure 10 (Hearne 
et al., 1992; Diwan and Cregan, 1997). Thus, allele sizing 
is less error prone using tri- and tetra-nucleotide repeats 
than di-nucleotide repeats (Diwan and Cregan, 1997). 
However, this idea must be balanced against practical 
considerations. Di-nucleotide repeat arrays occur much 
more frequently than tri- or tetra-nucleotide repeat arrays, 
and it is easier to run combinatorial screens for them. 

SSRs are now the marker of choice in most areas of 
molecular genetics as they are highly polymorphic even 
between closely related lines (Figure 10), require low 
amount of DNA, can be easily automated for high throu-
ghput screening, can be exchanged between laborato-
ries,  and   are  highly  transferable  between  populations  



 
 
 
 
(Gupta et al., 1999). For example, a total of 18,828 SSR 
sequences have been detected in the rice genome (The 
Rice Genome Mapping project, 2005), of which only 10 - 
15% have yet been used, suggesting the high potential 
available for such marker systems. SSRs are mostly co-
dominant markers, and are indeed excellent for studies of 
population genetics and mapping (Jarne and Lagoda, 
1996; Goldstein and Schlotterer, 1999). The use of 
fluorescent primers in combination with automatic capil-
lary or gel-based DNA sequencers has got its way in 
most advanced laboratories and SSR are excellent 
markers for fluorescent techniques, multiplexing and high 
throughput analysis.   

The major constraint of using SSR markers from 
genomic libraries is the high development cost and effort 
required to obtain working primers for a given study 
species. This has restricted their use to only a few of the 
agriculturally important crops. A more widespread use of 
genomic SSRs in plants would also be facilitated if such 
loci were transferable across species. Recently, a new 
alternative source of SSRs development from expressed 
sequence tag (EST) databases has been utilized (Kota et 
al., 2001; Kantety et al., 2002; Michalek et al., 2002). 
With the availability of large numbers of ESTs and other 
DNA sequence data, development of EST-based SSR 
markers through data mining has become a fast, efficient, 
and relatively inexpensive compared with the develop-
ment of genomic SSRs (Gupta et al., 2003).  This is due 
to the fact that the time-consuming and expensive 
processes of generating genomic libraries and sequen-
cing of large numbers of clones for finding the SSR 
containing DNA regions are not needed in this approach 
(Eujayl et al., 2004). However, the development of EST-
SSRs is limited to species for which this type of database 
exists. Furthermore, the EST-SSR markers have been 
reported to have lower rate of polymorphism compared to 
the SSR markers derived from genomic libraries (Cho et 
al., 2000; Scott et al., 2000; Eujayl et al., 2002; Chabane 
et al., 2005).   

Differences in SSR allele size is often difficult to resolve 
on agarose gels and high resolutions can be achieved 
through the use of polyacrylamide gels in combination 
with AgNO3 staining. The cost of polyacrylamide gels is 
higher than agarose gels and it is not also as rapid as the 
latter. The establishment and running cost for an automa-
tic DNA sequencer is not affordable for researchers at the 
national research systems and universities in developing 
countries. The other technical problem with microsate-
llites is the fact that it is not always possible to compare 
data produced by different laboratories, due to the 
eventuality of inconsistencies in allele size calling. Such 
inconsistencies are mainly due to the large variety of 
automatic sequencing machines used, each providing 
different gel migration, fluorescent dyes, allele calling 
software’s, and PCR reaction. For the later, the enzyme 
used for DNA synthesis (Taq DNA polymerase) catalyses 
the addition of an extra base (usually an adenine) at the  
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end of the PCR product. The proportion of fragments with 
this extra base may vary from none to 100%, inducing 
one base pair size differences and complicating data 
analysis. Although biochemical treatments after PCR or 
modification of PCR primers can circumvent this problem 
(Brownstein et al., 1996; Ginot et al., 1996), they are 
seldom used. 
 
 
EST (expressed sequence tags) 
 
Each gene must be converted or transcribed into 
messenger RNA (mRNA) that serves as a template for 
protein synthesis. The resulting mRNA then guides the 
synthesis of a protein through a process called 
translation. The problem, however, is that mRNA is very 
unstable outside of a cell; therefore, scientists use an 
enzyme called reverse transcriptase to convert mRNA to 
complementary DNA (cDNA). cDNA production is the 
reverse of the usual process of transcription in cells 
because the procedure uses mRNA as a template rather 
than DNA. cDNA is a much more stable compound and it 
represents only expressed DNA sequence because it is 
generated from mRNA that represents exons by excising 
(splicing) introns. Once cDNA representing an expressed 
gene has been isolated, scientists can then sequence a 
few hundred nucleotides from either the 5' or 3' end to 
create 5' expressed sequence tags (5' ESTs) and 3' 
ESTs, respectively (Jongeneel, 2000). A 5' EST is 
obtained from the portion of a transcript (exons) that 
usually codes for a protein. These regions tend to be 
conserved across species and do not change much 
within a gene family. The 3' ESTs are likely to fall within 
non-coding (introns) or untranslated regions (UTRs), and 
therefore tend to exhibit less cross-species conservation 
than do coding sequences. The challenge associated 
with identifying genes from genomic sequences varies 
among organisms and is dependent upon genome size 
as well as the presence or absence of introns, which are 
the intervening DNA sequences interrupting the protein 
coding sequence of a gene. 

The production of ESTs starts with the construction of 
cDNA libraries. The identification of ESTs has proceeded 
rapidly, with over 6 million ESTs now available in compu-
terized databases. ESTs were originally intended as a 
way to identify gene transcripts, but have since been 
instrumental in gene discovery, for obtaining data on 
gene expression and regulation, sequence determination, 
and for developing highly valuable molecular markers, 
such as EST-based RFLPs, SSRs, SNPs, and CAPS. 
ESTs have been used for designing probes for DNA 
microarrays that is used to determine gene expression. 
ESTs also allow the efficient development of single or 
low-copy RFLP markers. RFLP markers developed from 
ESTs (EST-RFLP) have been extensively used for the 
construction of high-density genetic linkage maps (e.g., 
Harushima et al., 1998; Davis et al., 1999) and physical 
maps (e.g., Kurata et al., 1997). Often EST-based RFLP  
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markers allow comparative mapping across different 
species, because sequence conservation is high in the 
coding regions. Hence, marker development and map-
based cloning in one species will profit directly from data, 
which are available in any other species.  

ESTs also allow a computational approach to the 
development of SSR and SNP markers (Eujayl et al., 
2001; Cho et al., 2000) for which previous development 
strategies have been expensive. Pattern-finding prog-
rams can be employed to identify SSRs in ESTs. The 
available sequence information allows the design of 
primer pairs, which can be used to screen cultivars of 
interest for length polymorphisms. A modest 1% to 5% of 
the ESTs in various plant species have been found to 
have SSRs of suitable length (20 bp or more) for marker 
development (Kantety et al., 2002). It should be possible 
to find a large number of these SSRs in an organism for 
which a great number of ESTs have been generated. For 
example, Kantety et al. (2002) searched 262,631 ESTs 
from five different grass (rice, maize, wheat, barley, and 
sorghum) databases for SSRs (di-, tri-, and tetranuc-
leotide motifs with a minimum repeat length of 18 bp) and 
found that 3.2% ESTs contained SSRs. EST-SSRs are 
generally anchored within more conserved transcribed 
regions across species than those from the untranscribed 
regions (Caudrado and Schwarzacher, 1998), and hence 
they are expected to be more transferable to closely 
related genera (Cordeiro et al., 2001; Hempel and 
Peakall, 2003; Decroocq et al., 2003). EST-SSRs also 
have a higher probability of being functionally associated 
with differences in gene expression than the genomic 
SSRs (Gao et al., 2004). Most of the large scale, multi-
species in silico mining efforts for developing EST-SSRs 
seem to have focused primarily on monocotyledonous 
crops (Kantety et al., 2002; Thiel et al., 2003; Varshney et 
al., 2002), although ESTs of a few dicot species have 
been explored for SSR mining (Eujayl et al. 2004; 
Morgante et al. 2002; Qureshi et al. 2004; Saha et al. 
2003; Scott et al., 2000; Varshney et al., 2005). Two 
strategies have been employed for SNP development 
based on ESTs. One strategy uses ESTs from the 3'-end 
of cDNA clones, which consists mainly of 3'-UTRs, to 
maximize the chance of finding sequence variations. 
Primer pairs can be derived from the EST sequences, 
and the amplification of corresponding regions from 
several genotypes followed by sequence comparison 
may reveal SNPs.  Alternatively, one can use clusters of 
ESTs which contain sequences from different cultivars 
and identify potential SNPs computationally. 
 
 

CAPS (cleaved amplified polymorphic sequence) 
 
CAPS is a combination of the PCR and RFLP, and it was 
originally named PCR-RFLP (Maeda et al., 1990). The 
technique involves amplification of a target DNA through 
PCR, followed by digesting with restriction enzymes 
(Konieczny and Ausubel, 1993; Jarvis et al., 1994;  

 
 
 
 
Michaels and Amasino, 1998). Hence, CAPS markers 
rely on differences in restriction enzyme digestion pat-
terns of PCR fragments caused by nucleotide polymer-
phism between samples. Critical steps in the CAPS 
marker approach include DNA extraction, PCR condi-
tions, and the number or distribution of polymorphic sites. 
CAPS markers have several advantages. First, since 
analysis of restriction fragment length polymorphisms is 
based on PCR amplification, it is much easier and less 
time-consuming than analyzing alternative types of mar-
kers that require southern hybridizations. Second, CAPS 
primers developed from ESTs are more useful as genetic 
markers for comparative mapping study than those 
markers derived from non-functional sequences such as 
genomic microsatellite markers. Third, CAPS markers are 
inherited mainly in a co-dominant manner (Matsumoto 
and Tsumura, 2004). However, the ability of CAPS to 
detect DNA polymorphism is not as high as SSRs and 
AFLPs because nucleotide changes affecting restriction 
sites are essential for the detection of DNA polymorphism 
by CAPS. Furthermore, the development of CAPS mar-
kers is only possible where mutations disrupt or create a 
restriction enzyme recognition site. Some researchers 
developed an alternative marker called derived-CAPS 
(dCAPS) that eliminate the problems related with CAPS 
markers by generating mismatches in a PCR primer, 
which are subsequently used to create a polymorphism 
based on the target mutation (Michaels and Amasino, 
1998; Neff et al., 1998). 
 
 

SCAR (sequence characterized amplified region) 
 

A SCAR marker is a genomic DNA fragment that is 
identified by PCR amplification using a pair of specific 
oligonucleotide  primers  (Paran  and  Michelmore,  1993; 
McDermott et al., 1994). SCARs are derived by cloning 
and sequencing the two ends of RAPD markers that 
appeared to be diagnostic for specific purposes (e.g., a 
RAPD band present in disease resistant lines but absent 
in susceptible lines). SCARs are advantageous over 
RAPD markers as they detect only a single locus, their 
amplification is less sensitive to reaction conditions, and 
they can potentially be converted into codominant 
markers (Paran and Michelmore, 1993). 
 
 

STS (sequence tagged site) 
 

STS was first developed by Olsen et al. (1989) as DNA 
landmarks in the physical mapping of the human 
genome, and latter adopted in plants. STS is a short, 
unique sequence whose exact sequence is found 
nowhere else in the genome. Two or more clones 
containing the same STS must overlap and the overlap 
must include STS. Any clone that can be sequenced may 
be used as STS provided it contains a unique sequence. 
In plants, STS is characterized by a pair of PCR primers 
that  are  designed  by  sequencing either an RFLP probe  
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Figure 11. SNP discovery by alignment of sequence traces obtained from direct sequencing of genomic PCR products. It is not 
always possible to distinguish between sequence artefacts and true polymorphism, when two peaks are present at one position. Box 
1: top sequence homozygote AA, middle sequence heterozygote AG, bottom sequence homozygote GG. Box 2: The polymorphism 
detection software has considered the top and bottom sequences as heterozygote CT and the middle one as homozygote CC. Clonal 
sequence removes many of such ambiguities, since any double peak is a sequence artefact (Vignal et al., 2002).  

 
 
representing a mapped low copy number sequence 
(Blake et al., 1996) or AFLP fragments. Although conver-
sion of AFLP markers into STS markers is a technical 
challenge and often frustrating in polyploids such as 
hexaploid wheat (Shan et al., 1999; Prins et al., 2001), it 
has been successful in several crops (Meksem et al., 
1995, 2001; Qu et al., 1998; Shan et al., 1999; Decousset 
et al., 2000; Parker and Langridge, 2000; Prins et al., 
2001; Guo et al., 2003). The primers designed on the 
basis of a RAPD have also sometimes been referred to 
as STSs (Naik et al., 1998), although they should be 
more appropriately called SCARs. STS markers are 
codominant, highly reproducible, suitable for high 
throughput and automa-tion, and technically simple for 
use (Reamon-Buttner and Jung, 2000).   
 
 

SNP (single nucleotide polymorphism) 
 

Public accessibility to the genome sequences of several 
organisms has enabled the study of sequence variations 
between individuals, cultivars, and subspecies. These 
studies revealed that single nucleotide polymorphisms 
(SNPs) and insertions and deletions (InDels) are highly 
abundant and distributed throughout the genome in 
various species including plants (Garg et al., 1999; 
Drenkard et al., 2000; Nasu et al., 2002; Batley et al., 
2003a). By comparing sequences from a japonica rice 
cultivar to those from an indica cultivar, for example, Yu 
et al. (2002) identified, on average, one SNP every 170 
bp and one InDel every 540 bp. The abundance of these 
polymorphisms in plant genomes makes the SNP marker 
system an attractive tool for mapping, marker-assisted 
breeding and map-based cloning (Gupta et al., 2001; 
Rafalski, 2002a; Batley et al., 2003b). As suggested by 

the acronym, a SNP marker is just a single base change 
in a DNA sequence, with a usual alternative of two possi-
ble nucleotides at a given position (Figure 11). Hence, in 
contrast to all previous methods, allele discrimination can 
not be based on size differences on a gel. Over the past 
years, a large number of different SNP genotyping 
methods and chemistries have been developed based on 
various methods of allelic discrimination and detection 
platforms (see Rafalski, 2002b; Vignal et al., 2002; Sobri-
no et al., 2005; Tost and Gut, 2005 for detailed review). 
All methods for SNP genotyping combine two elements: 
first, the generation of an allele-specific product, and 
second the analysis thereof. 

Vignal et al. (2002) classified the various SNP detection 
methods into two broad groups: 
 
1) Direct hybridization techniques.  
2) Those techniques that involve the generation and 

separation of an allele-specific product (restriction 
enzyme cutting, single strand DNA conformation and 
hetero-duplexes, primer extension, oligonucleotide 
ligation assay, pyrosequencing, exonuclease detec-
tion or Taq-Man, invasive cleavage of oligonucleotide 
probes or invader assay). 

 
Sobrino et al. (2005) assigned the majority of SNP 

genotyping assays to one of four groups based on mole-
cular mechanism: allele specific hybridization, primer 
extension, oligonucleotide ligation and invasive cleavage 
(Figure 12). Allele specific hybridization, also known as 
allele specific oligonucleotide hybridization (ASO), is 
based on distinguishing between two DNA targets differ-
ring at one nucleotide position by hybridization (Wallace 
et al.,  1979).  Two  allele-specific  probes  are  designed, 
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Figure 12. Illustration of the four allelic discrimination reactions. (A) Hybridization with allelic specific oligonucleotides (ASO): two 
ASO probes are hybridized with the target DNA that contains the SNP. Under optimized conditions, only the perfectly matched 
probe-target hybrids are stable. (B) Primer extension reactions: minisequencing (B1) and allelic-specific extension (B2). (B1) 
minisequencing: a primer anneals to its target DNA immediately upstream to the SNP and is extended with a single nucleotide 
complementary to the polymorphic base. (B2) allelic-specific extension: the 3’ end of the primers is complementary to each allele 
of the SNP. When there is a perfect match the primer is extended. (C) oligonucleotide ligation assay (OLA): two allelic-specific 
probes and one common ligation probe are required per SNP. The common ligation probe hybridized adjacent to the allelic-
specific probe. When there is a perfect match of the allelic-specific probe, the ligase joins both allelic-specific and common 
probes. (D) Invasive cleavage: the oligonucleotides required called invader probe and allelic-specific probes, anneal to the target 
DNA with an overlap of one nucleotide. When the allelic-specific probe is complementary to the polymorphic base, overlaps the 
3’ end of the invader oligonucleotide, forming the structure that is recognized and cleaved by the Flap endonuclease, releasing 
the 5’ arm of the allelic-specific probe (Sobrino et al., 2005). 

 
 
 
usually with the polymorphic base in a central position in 
the probe sequence. Under optimized assay conditions, 
only the perfectly matched probe-target hybrids are 
stable, and hybrids with one-base mismatch are unstable. 
Most hybridization techniques are derived from the Dot 
Blot, in which DNA to be tested (either genomic, cDNA or 
a PCR reaction) is fixed on a membrane and hybridized 
with a probe, usually an oligonucleotide. In the Reverse 
Dot Blot technique, it is the oligonucleotide probes that 
are immobilised. When using allele specific oligonucleo-
tides, genotypes can be inferred from hybridization sig-
nals. However, hybridization techniques are error prone 
and need carefully designed probes and hybridization 
protocols (Pastinen et al., 1997). The latest improve-

ments of this family of techniques, is the use of DNA 
chips (collection of microscopic DNA spots attached to a 
solid surface, such as glass, plastic or silicon chips), on 
which the probes are directly synthesised using a parallel 
procedure involving masks and photolithography (Pease 
et al., 1994). To take full advantage of new ASO probe 
formats for SNP typing, it is necessary to use detection 
methods which provide high accuracy, high sensitivity 
and high throughput. 

Primer extension is based on the ability of DNA 
polymerase to incorporate specific deoxyribonucleotides 
complementary to the sequence of the template DNA. 
There are several variations of the primer extension reac- 
tion,  which can be divided into three main types of react- 
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Table 2. The different detection methods that can be used for each allelic discrimination reaction (Sobrino 
et al., 2005). 
 

 
 

*FRET:  fluorescence resonance energy transfer. 
 
 
 
ion: 
 
a) The minisequencing reaction or single nucleotide 

primer extension where the polymorphic base is 
determined by the addition of the dideoxynucleotide 
triphosphate (ddNTP) complementary to the base 
interrogated by a DNA polymerase. 

b) The allele-specific extension where the DNA poly-
merase amplifies only if the primers have a perfect 
match with the template.  

c) Pyrosequencing. 
 
Allele specific oligonucleotide ligation is a method for 
SNP typing based on the ability of ligase to covalently 
join two oligonucleotides when they hybridize next to one 
another on a DNA template. The invader assay is based 
on the specificity of recognition, and cleavage, by a flap 
endonuclease, of the three-dimensional structure formed 
when two overlapping oligonucleotides hybridize perfectly 
to a target DNA (Kaiser et al., 1999; Lyamichev et al., 
1999). 

There are several detection methods for analyzing the 
products of each type of allelic discrimination reaction 
(Table 2; Figure 13): gel electrophoresis, fluorescence 
resonance energy transfer (FRET), fluorescence polari-
zation, arrays or chips, luminescence, mass spectropho-
tometry (Matrix-assisted laser desorption/ionisation time-
of-flight mass spectrometry or MALDI-TOF), chromato-
graphy, etc. There are two different categories related 
with the assay format or detection: homogenous reac-
tions, when they occur in solution, and reactions on solid 
support such as glass slide, a chip, a bead, etc. In 
technologies based on homogenous hybridization with 
FRET detection (such as the Light Cycler, TaqMan and 

Molecular Beacon), PCR and allelic discrimination reac-
tion are performed in the same reaction. This advantage 
avoids further manipulation steps, favoring the automa-
tion and throughput of the process, especially when the 
high-throughput equipments for TaqMan assays are 
used. In general, homogenous reactions are more amen-
able to automation because there are not separation or 
purification steps after the allele discrimination reaction. 
However, the major drawback is the limited multiplex 
capability. In contrast, reactions on solid-support have 
greater multiplex capability but further manipulations are 
required.  

A large number of different SNP typing protocols are 
available for researchers, and there is no single protocol 
that meets all research needs. Different aspects should 
be taken into account to determine the best suitable 
technology in terms of sensitivity, reproducibility, accura-
cy, capability of multiplexing for high throughput analysis, 
cost effectiveness in terms of initial investment for equip-
ment and cost per data-point, flexibility of the technology 
for uses other than SNP discovery, and time-consump-
tion for analysis. It is difficult to predict if one technique 
will emerge in the future as a standard, especially since 
the needs will vary quite a lot between the academic 
laboratory performing medium-scale studies and comer-
cial companies or genome centers aiming at very high 
throughput. The selection of technique is also dictated by 
the type of project envisaged, since it is quite different to 
perform genotypes with a limited number of SNPs on 
very large population samples, or a large number of 
SNPs on a limited number of individuals. For studies 
involving large sets of samples, the use of primer exten-
sion techniques analyzed by MALDI-TOF mass spectro-
metry hold high promises in terms of automation
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Figure 13. Links between the signal generation and detection. 
Many of the products generated by the allele-specific reactions can 
be detected with different methods. 1: PCR-RFLP, 2: 
Oligonucleotide ligation assay (OLA), 3: Good Assay, 4: 
Minisequencing techniques, 5: single stranded conformation 
polymorphism (SSCP) or denaturing gradient gel electrophoresis 
(DGGE), 6: denaturing high performance liquid chromatography 
(DHPLC), 7: Pyrosequencing, 8: SNP it, 9: exonuclease detection 
(Taqman), 10: Invader Assay, 11: Microarray or DNA chips (Vignal 
et al., 2002). 
 
 
 

accuracy, throughput and price (Tost and Gut, 2002). 
Mass spectrometry-based methods for SNP genotyping 
have been continuously improved and matrix-assisted 
laser desorption/ionization mass spectrometry (MALDI-
MS) is now one of the most automated and efficient 
detection platforms, price competitive when used at high 
throughput, and deliver results of highest accuracy and 
reliability (Tost and Gut, 2002). Mass spectrometry 
assays based on primer extension reactions out-compete 
most other methods in terms of robustness, accuracy, 
reproducibility, and success rates (Le Hellard et al., 2002; 
Luo et al., 2004). The same platform can also be applied 
to the analysis of DNA methylation (Tost et al., 2003), 
expression profiling (Ding and Cantor, 2003), and 

proteomics (Aebersold and Mann, 2003), making the 
mass spectrometer one of the most versatile tools in the 
post-genome sequencing era. The four allele discrimina-
tion methods (hybridization, ligation, cleavage, and 
primer extension) have been combined with MALDI 
analysis. The interpretation of the mass spectrometric 
data is largely automated and comes as part of the 
software with most of the commercially available mass 
spectrometers. For DNA analysis, peak identification 
(Figure 11) is carried out followed by labeling and 
assignment. Pyrosequencing is also a very promising 
technique, with prices and throughput that might reach 
those of MALDI-TOF. However, pyrosequencing has 
limitation for automation with very low multiplex capability 
because several steps need to be performed before the 
detection. The main advantage is the possibility of 
quantification, the contribution of each allele, a very 
useful feature in the analysis of mixtures profiles (Sobrino 
et al., 2005). 
 
 
DArT (diversity arrays technology) 
 
DArT is one of the recently developed molecular 
techniques and it has only been used in rice (Jaccoud et 
al., 2001), barley (Wenzl et al., 2004), eucalyptus (Lezar 
et al., 2004), Arabidopsis (Wittenberg et al., 2005), 
cassava (Xia et al., 2005), wheat (Akbari et al., 2006; 
Semagn et al., 2006), and pigeon-pea (Yang et al., 
2006). The inventors promote it as an open source (non-
exclusive) technology with a great potential for genetic 
diversity and mapping studies in a number of ‘orphan’ 
crops relevant in Third World countries (www.cambia.org 
or http://www.diversityarrays.com for information). DArT 
is a microarray hybridization-based technique that 
enables the simultaneous typing of several hundred 
polymorphic loci spread over the genome (Jaccoud et al., 
2001; Wenzl et al., 2004). Details of the methodology for 
DArT was first described by Jaccoud et al. (2001; Figure 
14). For each individual DNA sample being typed, 
genomic representations are prepared by restriction 
enzyme (e.g., PstI and TaqI) digestion of genomic DNA 
followed by ligation of restriction fragments to adapters.  
The genome complexity is then reduced by PCR using 
primers with complementary sequences to the adapter 
and selective overhangs. The fragments from representa-
tions are cloned, and cloned inserts are amplified using 
vector-specific primers, purified and arrayed onto a solid 
support (microarray) resulting in a “discovery array.” 
Labeled genomic representations prepared from the 
individual genomes included in the pool are hybridized to 
the discovery array (Jaccoud et al., 2001). Polymorphic 
clones (DArT markers) show variable hybridization signal 
intensities for different individuals. These clones are 
subsequently assembled into a “genotyping array” for 
routine genotyping.  
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Figure 14. Schematic representation of DArT. (A) Generation of diversity panels. Genomic DNAs of specimens to be 
studied are pooled together. The DNA is cut with a chosen restriction enzyme and ligated to adapters. The genome 
complexity is reduced in this case by PCR using primers with selective overhangs. The fragments from representations 
are cloned. Cloned inserts are amplified using vector-specific primers, purified and arrayed onto a solid support. (B) 
Contrasting two samples using DArT. Two genomic samples are converted to representations using the same methods as 
in (A). Each representation is labeled with a green or red fluorescent dye, mixed and hybridized to the diversity panel. The 
ratio of green:red signal intensity is measured at each array feature. Significant differences in the signal ratio indicate 
array elements (and the relevant fragment of the genome) for which the two samples differ (Jaccoud et al., 2001). 

 
 
DArT technique has a number of advantages: 
 

I. It does not need prior sequence information for the 
species to be studied; this makes the method 
applicable to all species regardless of how much DNA 
sequence information is available for that species. 

II. It is a high throughput, quick, and highly reproducible 
method. 

III. It is cost effective, with an estimated cost per data point 
tenfold lower than SSR markers (Xia et al., 2005). 

IV. The genetic scope of analysis is defined by the user 
and easily expandable. 

V. It is not covered by exclusive patent rights, but on the 
contrary open-source (i.e., it is designed for open use 
and shared improvement). 

 
 This technique, however, has also its own limitations: 

 

I. DArT is a microarray-based technique that involves 
several steps, including preparation of genomic 
representation for the target species, cloning, and data 
management and analysis. The latter requires 

dedicated software’s such as DArTsoft and DArTdb.  
The establishment of DArT system, therefore, is highly 
likely to demand an extensive investment both in 
laboratory facility and skilled manpower. 

II. DArT assays for the presence (or amount) of a specific 
DNA fragment in a representation. Hence, DArT 
markers are primarily dominant (present or absent) or 
differences in intensity, which limits its value in some 
applications. 

III. The technology has been used in few species primarily 
by the team that developed it (who has setup a quite 
economical commercial service for some species); only 
a single independently group has so far successfully 
established  the methodology to Eucalyptus grandis in 
South Africa (Lezar et al., 2004). 

 
 
Which Markers For Which Purpose? 
 

In the previous sections, we have reviewed the principle 
and methodology of 11 different types of molecular mar-
kers that have been used for different purposes in plants. 
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Table 3. Comparison of the five most widely used DNA markers in plants. 
 

 RFLP Microsatellite RAPD AFLP ISSR 

Genomic abundance high medium very high very high medium 
Part of genome surveyed low copy coding regions whole genome whole genome whole genome whole genome 
Amount of DNA required high low low medium low 
Type of polymorphism single base changes, 

insertion, deletion 
changes in length of repeats single base changes, 

insertion, deletion 
single base changes, 

insertion, deletion 
single base changes, 

insertion, deletion 
Level of polymorphisma medium high high very high high 
Effective multiplex ratiob low medium medium high medium 
Marker indexc low medium medium high medium 
Inheritance codominant codominant dominant dominant dominant 
Detection of alleles yes yes no no no 
Ease of use labour intensive easy easy difficult initially easy 
Automation low high medium medium medium 
Reproducibility (reliability) high high intermediate high medium to high 
Type of probes/primers low copy genomic DNA or 

cDNA clones 
specific repeat DNA sequence usually 10 bp 

random nucleotides 
specific sequence specific repeat DNA 

sequence 
Cloning and/or sequencing yes yes no no no 

Radioactive detection usually yes no no yes/no no 
Development/start-up costs high high low medium medium 

Utility for genetic mapping species specific species specific cross specific cross specific cross specific 
Proprietary rights status No No (some are licensed) licensed licensed no 
 
a Level of polymorphism (average heterozygosity) is an average of the probability that two alleles taken at random can be distinguished 
b Effective multiplex ratio is the number of polymorphic loci analysed per experiment in the germplasm tested. 
c Marker index is the product of the average expected heterozygosity and the effective multiplex ratio. 



 
 
 
 
The main challenges for researchers would, therefore, be 
selecting one or more of these markers for their specific 
project. The desirable properties of molecular markers 
are high polymorphism, codominant inheritance, frequent 
occurrence and even distribution throughout the genome, 
selectively neutral behavior, easy access, easy and fast 
assay, low cost and high throughput, high reproducibility, 
and transferability between laboratories, populations 
and/or species. No molecular markers are available yet 
that fulfill all these requirements. However, according to 
the kind of study to be undertaken, one can choose 
among the variety of molecular marker systems, each of 
which combines at least some of these desirable 
properties. A number of factors need to be considered in 
choosing one or more of the various molecular marker 
types:  
 
a) Marker system availability. 
b) Simplicity of the technique and time availability. 
c) Anticipated level of polymorphism in the population. 
d) Quantity and quality of DNA available. 
e) Transferability between laboratories, populations, 

pedigrees and species.  
f) The size and structure of the population to be studied 
g) Availability of adequate skills and equipment 
h) Cost per data-point and availability of sufficient 

funding.  
i) Marker inheritance (dominant versus codominant) 

and the type of genetic information sought in the 
population (Staub and Serquen, 1996; Karp et al., 
1997; Wolfe and Liston, 1998; Mackay, 2001; Rungis 
et al., 2005).    

 
DArT is a recent technique and it remains to be thorou-
ghly tested in various species. SCAR and STS markers 
would be developed by sequencing fragments associated 
with economically important traits and they are not availa-
ble if one starts from scratch.  SNPs seem very exciting 
markers but they require extensive investment in equip-
ment and manpower. Hence, SNPs are highly unlikely to 
be taken up by the national agricultural systems and 
universities in developing countries. The use of EST and 
EST-based markers, such as EST-SSR, CAPS and EST-
RFLP, are applicable only for species which have been 
extensively sequenced before. Therefore, RFLP, SSR, 
RAPD, AFLP, and ISSR are the only markers that could 
be used for a wide range of applications in plants. Table 
3 compares the pros and cons of these markers.  
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