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Biochemical and molecular markers have several applications in plant
genetics. They allow us to observe closely the polymorphism of DNA
sequences at a certain number of sites or loci spread across the genome. More
precisely, biochemical markers reveal the polymorphism of sequences of
certain proteins and thus, indirectly, the polymorphism of DNA sequences
from which they are translated. Molecular markers directly reveal the
polymorphism of DNA, the targeted sequences corresponding or not
corresponding to the coding sequences.

Because of their properties, biochemical and molecular markers are a
powerful tool to study the structure of genetic variability within a species
and trace its evolutionary history. They are relatively unaffected by the
environment or genetic basis. We can thus use them to compare individuals
that were studied in different experiments or that are present in different
collections. It is generally acknowledged that biochemical and molecular
markers reveal a neutral polymorphism, i.e., one that is not subject to selection.
They are relatively insensitive to homoplasy: there is little chance of observing
two identical alleles that result from different mutational histories.

In this chapter we specify the characteristics of different biochemical and
molecular markers to study the diversity of collections of plant genetic
material. There are now more than ten techniques of genetic marking (see,
for example, Weising et al., 1995; Karp et al., 1996, 1997, 1998; Santoni, 1996;
de Vienne and Santoni, 1998). We describe here five widely used and
promising techniques: isozymes, RFLP (restriction fragment length
polymorphism), RAPD (random amplified polymorphic DNA, also called
rapid), AFLP (amplified fragment length polymorphism), and microsatellites.
The principle of each technique is briefly described in the appendix to this
chapter. After summarizing the structure of the plant genome, we compare
the five techniques in methodological terms (target sequences, nature and
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level of polymorphism detected, genetic similarity) and practical terms (cost,
quickness of result, infrastructure needed).

ORGANIZATION AND VARIABILITY OF PLANT
GENOMES

The Organization of the Genome

The genome of a plant is distributed in three cell compartments: the
mitochondria, the chloroplasts, and the nucleus.

The mitochondrial genome is composed of a circular molecule of master
DNA of 200 to 2500 kilobases (1 kilobase = 1 kb = 10° base pairs) depending
on the species, carrying 100 to 120 genes. The chloroplast genome is also
circular and its size is about 150 kb. It has about 100 genes. The chloroplast
and mitochondrial genomes are, most often, inherited through the maternal
side.

The nuclear genome is composed of a definite number of chromosomes
comprising DNA linear molecules. The genes are spread on a non-coding
DNA matrix, essentially constituted of repeat DNA. The size of the nuclear
genome varies considerably from one species to another: it is about 400
megabases (1 megabase = 1 Mb = 10° base pairs) in rice and about 16,000 Mb
in wheat. The largest known nuclear genome among the angiosperms, that
of Fritillaria assyriaca, contains 600 times more DNA than the smallest, that
of Arabidopsis thaliana (Bennett and Smith, 1991). These variations are due to
differences in ploidy and especially to differences in the quantity of non-
coding dispersed repeat DNA. It is accepted that the number of genes carried
by a nuclear genome on the plant is between 20,000 and 50,000. Therefore,
the information contained in the nucleus, even if diluted, thus remains clearly
more important than that contained in the cytoplasmic organelles. The nuclear
genome has a biparental heredity via meiosis and fertilization.

DNA Polymorphism

The polymorphism of DNA results from the accumulation of mutations, that
is, of modifications of sequences under the action of endogenous or exogenous
factors. The mutations may appear in the form of visibly large rearrangements
on the cytogenetic scale (deletion, translocation, inversion) or in the form of
occasional modifications of sequences.

Biochemical and molecular markers are essentially used to detect
occasional variations in sequences. Two types of variations can generally
be distinguished: mutations corresponding to tmsubstitution of one base for
another and mutations by insertion or deletion of a short fragment of DNA.
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DNA polymorphism generated by occasional mutations is very
commonly observed. It affects the entire genome, at every level, depending
on the type of sequence and genomic compartment. For example, it is high in
the repeat nuclear sequences of the micro- or minisatellite type, but low in
the chloroplast DNA. The sequencing, over 1933 base pairs, of the nuclear
gene Opagque-2 of maize in 21 lines representing the diversity of temperate
germplasm showed that the 21 sequences are entirely different. In total, 14%
of the bases present a polymorphism resulting from occasional mutations
and 26 phenomena of insertion-deletion have been detected (Henry and
Damerval, 1997).

A particular type of DNA polymorphism is exploited by microsatellite
markers. A microsatellite is generally composed of a tandem repeat of a motif
formed of a small number of base pairs, generally two or three. Microsatellites
are numerous in the eukaryote genomes and are spread throughout the
chromosomes. Each is flanked by sequences specific to it. For each
microsatellite site, mutations produced at a high frequency cause a variation
in the number of repetitions of the base motif, which results in high allelic
diversity. These mutations can be due to a gliding of the polymerase arising
from unequal replication or crossing-over (Jarne and Lagoda, 1996, for
review).

Sometimes there are significant differences in the total quantity of nuclear
DNA between related interfertile species or even between genetic groups
within the same species. These differences are probably due to variations in
the quantity of repeat DNA. They can be revealed by flow cytometry (Dolezel,
1991; Bennett and Leitch, 1995). They may sometimes carry elements useful
in differentiating groups within a species or within a species complex.

INFORMATION REVEALED BY DIFFERENT GENETIC
MARKERS

In this section, the methodological aspects that differentiate the five types of
genetic markers considered are covered, then the differences are examined
to see how they affect the estimation of genetic diversity and the similarities
between individuals.

The Nature and Genetic Interpretation of Polymorphism

Each type of marker is associated with a methodology that determines the
nature of the information obtained. Two major categories of markers can be
distinguished: (1) markers that can be used to reveal a series of several alleles
for each locus studied (multiple allele markers) and (2) markers that allow
detection of the presence or absence of a single allele for each locus,
simultaneously for a large number of loci (genetic fingerprinting).
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or cytoplasmic sequences. We are essentially interested in single copy nuclear
sequences. The polymorphism observed is due to mutations affecting the
homologous sequence of the probe and above all that of its adjacent regions
over about 10 kb. It may be a question of occasional mutations in the restriction
sites of the enzyme or even insertions or deletions between these sites. The
relative importance of the two phenomena may vary from one species to
another. The occasional mutations that do not affect the restriction site of the
enzyme or the small insertions-deletions may go unnoticed. Whether it is for
the isozymes or for RFLP, an allele corresponds potentially to a group of
several sequences, to the extent that these two techniques do not have the
power of resolution to detect all the mutations that affect the sequence of the
target locus.

Microsatellites

For the microsatellites, a locus is defined by a microsatellite site accompanied
by its flanking sequences. Defined primers in these sequences, from either
side of the microsatellite, allow us to amplify the locus to the exclusion of
any other in the genome. This specificity is guaranteed by the length of the
primers (20 to 25 nucleotides). It renders infinitely low the probability of
amplifying another sequence in the genome purely at random. The source of
the polymorphism being looked for is variation in the number of repetitions
of the base motif of the microsatellite site. In most cases, each allele will be
materialized by a band of specific molecular weight, which may be translated
into a number of repetitions of the base motif of the microsatellite if the gel is
sufficiently resolutive. In some cases, however, part of the alleles arise from
variations of sequence between one of the primers and the microsatellite site
(Orti et al., 1997). The rates of mutation associated with the microsatellite
sites are 100 to 1000 times higher than for the isozymes (Jarne and Lagoda,
1996). Whatever the nature of the polymorphism, the profiles observed can
be directly interpreted in terms of locus and alleles.

GENETIC FINGERPRINTING

Two techniques of genetic fingerprinting are presented: RAPD and AFLP.
The term ‘genetic fingerprinting’ is commonly used because these techniques
allow us to reveal simultaneously the polymorphism of a large number of
loci so well that each individual has ample chance of having a multilocus
profile of its own, as with human fingerprints.

With RAPD and AFLP techniques, the similarity of sequence between
bands revealed by a single pair of primers does not allow us to establish
relations of homology. It covers 20 base pairs at most, corresponding to the
sum total of the sequence of the two primer sites, for RAPD. The similarity is
less for AFLF, to the extent that the only common point between all the bands
revealed by a pair of primers is the sequence of two flanking restriction sites
and that of the selective bases, which represents at most 16 base pairs.
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Typically, a RAPD amplification allows the detection of 5 to 20 bands and an
AFLP amplification a few tens to 100 bands. For the genetic interpretation of
profiles observed, each band is considered as an allele of a particular locts.
The identity of the locus and of the allele depends entirely on the
electrophoretic mobility of the band. For each locus, the only other allele
possible is the absence of the band. The band is thus a dominant allele since
the homozygous individuals that present the band cannot be distinguished
from heterozygotes. For each locus, the absence of the band probably
corresponds to a heterogeneous set of sequences.

Even if the bands amplified by the same pair of RAPD or AFLP primers
have little chance of corresponding to homologous sequences, the two
different bands may, in a small number of cases, materialize two alleles from
a single locus. It generally cannot be perceived in studies of diversity, but
this phenomenon can be observed when these techniques are used to make a
genetic map.

In principle, AFLP and RAPD allow the targeting of all compartments of
the genome and all types of sequences. The polymorphism revealed by RAPD
corresponds somewhat to the modification of a primer site following the
substitution of one base for another or to an insertion-deletion phenomenon.
It may also be a matter of one insertion between two primer sites that are
sufficiently far apart to make the amplification impossible (Williams et al.,
1990). The polymorphism observed with AFLP corresponds probably to the
modification of a restriction site of one of the two restriction enzymes
following an occasional mutation (Vos et al., 1995).

Several other techniques of genetic fingerprinting give profiles that can
be interpreted in genetic terms in the same way that RAPD and AFLP are.
Among these are DAF (DNA amplification fingerprinting; Caetano-Anolles
and Gresshoff, 1991), which is a variant of RAPD, ISSR (inter-simple sequence
repeat analysis; Zietkiewicz et al., 1994), which consists of amplifying the
sequences located between microsatellite sites, or even the use of microsatellite
probes in RFLP (Rus-Koretekaas et al., 1994).

Comparison of the Five Techniques

In this section the polymorphism and genetic similarities measured with the
different markers are compared on the basis of experimental data.

POLYMORPHISM OF MULTIPLE ALLELE TECHNIQUES

It is possible to compare the polymorphism obtained with different multiple
allele techniques by using the usual parameters of population genetics such
as the percentage of polymorphic loci, the mean number of alleles per locus,
and the Nei diversity index, applied to the same sample of individuals.



Table 1. Comparison of rates of polymorphism, Nei diversity and the average number of alleles per locus between isozymes (Iso) and RFLP and
between microsatellites (SSR) and RFLF, in various studies. For RFLF, a single restriction enzyme was used, unless otherwise mentioned

Species Technique No. of No. of Rate of Nei Av. no. Reference
individuals loci polymorphism diversity of alleles
studied studied* (%) per locus

Brassica campestris Iso 285 5 60 0.41 2.7 Mitchell and Quiros (1992)
RFLP 277 4 100%** 0.60 85

Hordeum vulgare Iso 268 7 100 0.44 49 Zhang et al. (1993)
RFLP 240 13 100*** 0.47 4.2

Populus tremuloides Iso 118 14 77 0.25 2.8 Liu and Furnier (1993)
RFLP 91 41 71 0.25 27

Populus grandidenta Iso 96 14 29 0.08 14 Liu and Furnier (1993)
RFLP 75 37 65 0.13 1.8

Zea mays Iso 21 22 68 - 21 Messmer et al. (1991)
RFLP 21 144(79)* 94 - 3.34*

Zea mays Iso 31 27 - - 22 Gerdes and Tracy (1994)
RFLP 43 71 - - 4.1

Zea mays Iso 445 20 75 0.23 24 Dubreuil and Charcosset

(1998)

RFLP 285 35 100 0.61 6.3

Hordeum vulgare RFLP 18 114(42)* - 0.32 2.62%* Russell et al. (1997)
SSR 18 13 100 0.57 5.38

Glycine max RFLP 19 114 100*** 0.38 215 Morgante et al. (1994)
SSR 19 4 100 0.52 4.25

Glycine sp. RFLP 12 110 25 0.41 — Powell et al. (1996)
SSR 12 36 100 0.60 4.28

Oryza sativa RFLP 14 18 33 0.10 23 Wu and Tanksley (1993)
SSR 14 8 100 0.70 5.2

Oryza sativa RFLP 20 12 83 0.32 25 Olufowote et al. (1997)
SSR 20 10 100 0.62 74

Zea mays RFLP 12 96 - 0.58 — Taramino and Tingey (1996)
SSR 12 34 100 0.76 6.56

*Number of enzyme-probe combinations, value in parentheses is number of probes.
**Average number of bands per enzyme-probe combination.
**RFLP probes preselected for their polymorphism.

/ SIMIEA IBNI3[O]A PUB [EdNUAYD0Ig



8 Genetic Diversity of Cultivated Tropical Plants

Examples of comparisons between isozymes and RFLP and between RFLP
and microsatellites are given in Table 1. These results must be interpreted
with caution to the extent that samples of individuals are generally small
and to the extent that the numbers of loci observed are often not equal
among the techniques. In most of the studies mentioned, the RFLP
polymorphism is observed with a single enzyme. Even with this restriction,
RFLP appears at least as polymorphic as the isozymes and sometimes clearly
more so. This result agrees with what is known of the nature of
polymorphism detected. Isozymes allow us to detect the polymorphism of
gene sequences only across the fine filter of translation and degeneracy of
the genetic code. The RFLP allows detection of polymorphism of coding and
non-coding regions. Moreover, when the probes corresponding to the genes
are used, it is essentially the polymorphism of the regions flanking the target
genes that is revealed.

In Table 1, microsatellites appear systematically much more polymorphic
than RFLP, which is consistent with their particularly high rates of mutation.
These observations are confirmed by several other studies. Saghai-Maroof et
al. (1994), for example, have found up to 28 different alleles for a microsatellite
locus in barley.

POLYMORPHISM REVEALED BY ALL THE TECHNIQUES

The number of alleles per locus and the Nei diversity index lose part of their
genetic significance when fingerprinting techniques are applied. The number
of alleles per locus is by nature limited to two (presence and absence of the
band). In consequence, the Nei diversity index reaches a maximum at 0.5.
Moreover, calculation of the Nei index is based on the knowledge of allele
frequencies. Because markers are dominant, these frequencies are directly
accessible in only two particular cases: if one makes the hypothesis that there
high probability of pairing individuals (the Hardy-Weinberg equilibrium is
respected) or even if there is autogamy and one makes the hypothesis that all
the individuals are homozygous for all the loci. If these hypotheses are not
acceptable, the calculation of allelic frequencies is not possible at least to
make an independent estimation of the fixation index F (Lynch and Milligan,
1994; Kremer, 1998). If one of these hypotheses is overused, the estimation of
the Nei index may be biased. This index is nevertheless sometimes used
indicatively on markers of the genetic fingerprinting type. In a study by Liu
and Furnier (1993) on two species of poplar, the Nei indexes calculated for
the RAPD markers are about 0.3 for each species. These values are higher
than those obtained for isozymes and RFLP on the same individuals (Table
1). Nevertheless, the hypothesis made on the Hardy-Weinberg equilibrium
prevents a clear conclusion as to the better aptitude of RAPD in revealing a
polymorphism.

In the particular case of autogamous species, the allele frequencies may
be directly estimated from the frequency of genotypes and the Nei index






Table 2. Correlation between similarities calculated from different techniques of molecular markers =
Reference Species No. of Test* Comparison** Correlation Threshold o
individuals ) P) 2
used to calculate A
correlation @)
Lu et al. (1996) peas 10 Tm RFLP-RAFPD 0.5 <0.05 g
RFLP-AFLP 0.7 <0.05 @.
RAPD-AFLP 0.6 <0.05 o
Powell et al. (1996) soybean 10 Tm RFLP-RAPD 0.24 ns o
RFLP-AFLP 0.42 <0.01 e
RFLP-SSR 0.18 ns &
RAPD-AFLP 0.45 <0.01 5
RAPD-SSR 0.15 ns s
AFLP-SSR 0.14 ns —
Beer et al. (1993) Avena sterilis 177 Tm RFLP-Iso 0.26 <0.005 _§
Heun et al. (1994) Avena sterilis 24 Tm RFLP-Iso 0.36 <0.01 §
Peakall et al. (1995) Buchloe dactyloides 48 Tm RAPD-Iso 0.63 <0.001 =
Messmer et al. (1991) maize 21 Cp RFLP-Iso 0.23 <0.01 pac!
Gerdes and Tracy (1994) maize 31 Cp RFLP-Iso 0.26 <0.01 g
Prabhu et al. (1997) soybean 10 Cp RFLP-DAF 0.70 <0.01 @
Russell et al. (1997) barley 18 Cr RFLP-RAPD 0.20 <0.01
RFLP-AFLP 0.71 <0.01
RFLP-SSR 0.51 <0.01
RAPD-AFLP 0.11 ns
RAPD-SSR 0.24 <0.01
AFLP-SSR 0.52 <0.01
Dos Santos et al. (1994) Cabbage 45 Cr RFLP-RAPD 0.75 <0.01
Engquist and Beeker (1994) colza 17 Cr RFLP-RAPD 0.76 <0.01
RFLP-Iso 0.53 <0.01
RAPD-Iso 0.67 <0.01
Thormann et al. (1994) Brassica spp. 18 Tm RFLP-RAPD 0.93 —

*Tm, Mantel test; Cp, Pearson coefficient of correlation; Cr, Spearman coefficient of rank correlation.
***Iso, isozymes; SSR, microsatellites; DAF, DN A amplification fingerprinting.
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Fig. 1. Two-dimensional relations between the genetic similarities calculated from RFLP, AFLF,
microsatellites (SSR), and RAPD in soybean. The white squares represent the similarities between
accessions of Glycine max, the pluses represent similarities between accessions of G. soja, and the
black squares represent similarities between accessions of the two species (Powell et al., 1996).

of loci analysed is most often less than 20. Messmer et al. (1991) calculated
the type deviations of indexes of similarity by the jackknife method (Millier,
1974). They showed that the values of type deviations obtained with 22
isozymic loci were two to three times higher than values obtained with 144
enzyme-probe combinations of RFLP. This is also true for molecular
techniques, which allow detection of more loci. Dos Santos et al. (1994) showed
by the bootstrap method (Efron and Tibshirani, 1986) that the distribution of
correlations between indexes calculated for 100 random samples of 56 RAPD
bands taken two by two widely overlapped the distribution of correlations
between indexes for 100 random samples of 56 RAPD bands and 56 RFLP
bands taken two by two.

The technical quality of manipulations has a direct repercussion on the
reliability of encoding of data and can thus also be a source of divergence in
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the estimation of similarities. The encoding may become laborious if technical
quality is not high, particularly for AFLP, which reveals several bands
simultaneously. Many studies have indicated problems of reproducibility
with RAPD, which necessitates repeated analyses of each sample if serious
errors are to be avoided in the encoding of data (Salimath et al., 1995; Yang et
al., 1996). Moreover, the profiles are difficult to reproduce from one laboratory
to another, which is a handicap for studies that are part of a network (Jones
et al., 1997). Finally, the competition for primers may lead in certain cases to
the non-amplification of a band present in the heterozygous state, because of
its considerable dilution (Hallden et al., 1996).

More alleles can be detected at a single locus with microsatellites than
with other techniques, which results in an average index of similarity between
individuals that is generally much lower. This may explain the low correlation
between this technique and the others, especially when the individuals are
not closely related (the correlation is not significant in the study of Powell et
al., 1996) (Table 2).

RAPD seems sometimes to give an estimation of similarity that differs
from that of other techniques, particularly when the individuals are distant
(of two different species). This divergence has been observed by Thormann
et al. (1994) in the genus Brassica and by Powell et al. (1996) in Glycine.
Thormann et al. (1994) have shown by hybridization that, in 3 cases out of
15, bands of the same mobility are not homologous in the different species
studied. RAPD may be more sensitive to this type of confusion than other
markers.

The influence of evolutionary mechanisms that underlie the variation
observed cannot be completely ruled out in explaining the differences between
markers. N'goran et al. (1994), for example, showed that in cacao the portion
of bands amplified by RAPD corresponds to those repeat sequences and that
the bands amplifying repeat sequences and unique sequences do not give
the same structure of genetic material.

RELATIONSHIP WITH GENEALOGY AND MORPHOLOGICAL CHARACTERS

It may be asked whether the similarities calculated from markers can be used
to organize the relations between individuals into a hierarchy in the same
way as genealogy or morphological characters.

The relationship between the similarity evaluated with markers and the
relation coefficient of Malecot has been studied in several plants for different
markers (Table 3). Overall, the correlations between the two types of
information are low but significant. The low value of the correlations can be
explained by the fact that the calculation of coefficients of relation is based
on unrealistic hypotheses, particularly the absence of relationship between
distant ancestors whose genealogy is not known. Also, genetic drift and
selection are not taken into account. This caused Graner et al. (1994) to suggest
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Table 3. Correlation between the Malecot coefficient of relation f and the similarity
calculated from markers

Reference Species Technique Test* No.**  Correlation  Threshold (P)
Coxetal. (1985) Soya Isozymes Cr 27 0.15 <0.01
32 0.40 <0.01
39 0.45 <0.01
O’Donoughue etal. Oat RFLP Tm 55 0.32 <0.001
(1994)
Graneret al. (1994)  Barley RFLP Cr 21 0.21 <0.05
17 0.42 <0.01
Gerdes and Tracy Maize RFLP Cp 42 0.54 <0.01
(1994) Isozymes Cp 31 0.32 <0.01
Tinker et al. (1993) Barley RAPD Cr 27 0.51 <0.01
Plaschke et al. (1995) Wheat Microsatellites Cr 40 0.55 <0.001

*Tm, Mantel test; Cp, Pearson coefficient of correlation; Cr, coefficient of rank correlation.
**Number of individuals used to calculate the correlation.

that the relationship calculated with molecular markers, which does not ignore
these parameters, may be a more relevant tool than the f coefficient of Malecot.

Low but significant correlations have been observed between similarities
calculated from molecular markers and distances calculated from
morphological variables. For example, in Avena sterilis, a correlation of 0.24
(P < 0.005) was observed between RFLP and morphology and a correlation
of 0.13 (P < 0.005) was found between isozymes and morphology (Beer et al.,
1993). In maize, correlations of 0.167 and 0.124 (P < 0.01) were obtained in
these two cases respectively (Gerdes and Tracy, 1994). More precisely,
Dillmann et al. (1997) emphasized that the relationship between the two types
of information is not linear in maize. A small distance calculated with RFLP
markers corresponds always to a small morphological distance. On the other
hand, a large distance calculated with markers may correspond to a large or
small morphological distance (Fig. 2). This triangular relationship may be
explained by the fact that, for a given morphological character, various
combinations of genes may correspond to a single phenotype. Moreover, the
linkage disequilibrium between the markers and the genes involved in the
character can vary according to the sampling of loci. If it is low, the two
types of information will be independent.

PRACTICAL IMPLEMENTATIONS OF MARKERS

Two major practical aspects of genetic marker techniques are the ease with
which they can be used and their cost.
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Fig. 2. Relation between the similarity (distance of Rogers, MRD) calculated from RFLP markers
and the distance calculated from morphological data (Mahalanobis distance) in maize (Dillmann
et al., 1997)

Use

Isozymes do not require large laboratory equipment and use only small
quantities of plant material. They may be rather laborious to use on a new
species. That depends on the difficulty of finding an equilibrium between
the buffer for protein extraction and the electrophoresis buffer. This
equilibrium is more difficult to reach for plants with organs rich in
polyphenols. The main handicap of isozymes arises from the small number
of loci that they can be used to detect. This number is always less than 50 and
often less than 20.

Practical use of molecular markers depends on three criteria: the difficulty
of using them during the start of a programme, the quantity of DNA needed
to analyse each sample, and the essential laboratory equipment for routine
implementation.

Genetic fingerprinting, RAPD, and AFLP can be used directly on any
plant, without preliminary steps. On the other hand, RFLP and microsatellites
may be very difficult to get underway unless a great deal of work has already
been completed by other teams on the plant under study.
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For RFLP, a source of probes must be arranged, which requires the
construction and maintenance of a bank of genomic DNA or cDONA. However,
in taxonomic groups that are widely studied, such as the Poaceae, it is possible
to use probes that are said to be heterologous, coming from other species. A
group of 180 probes of rice, barley, and oats, having a wide spectrum of
hybridization over the group Poaceae, has been defined. It is distributed by
Cornell University in the United States (van Deyne et al., 1998). These probes
can, in principle, be used on all the species of this botanical family.

Microsatellites require a preliminary step involving screening of a bank
and sequencing to define the primers in the flanking regions of the
microsatellite sites, which is a difficult and costly process of molecular biology.
In the most commonly studied plants, such as wheat, maize, and rice, the
primer sequences of many microsatellite sites are published and this step is
therefore no longer necessary, but that is not the case with most tropical
plants. Moreover, sequence information often cannot be transferred from
one species to another, even among taxonomically related species.

The quantity of DNA required may be a limiting factor when DNA is
difficult to extract or when large samples are worked on. This quantity
depends a great deal on whether the technique used relies on PCR. PCR
requires low quantities of DNA. For RAPD and microsatellites, only a few
nanograms of DNA are needed to complete an amplification. For AFLF, some
hundreds of nanograms will do. On the other hand, 2 to 10 ug of DNA are
required per track for RFLP. Moreover, microsatellites can be implemented
with DNA of mediocre quality obtained with a basic extraction technique
because of the high specificity of primer hybridization.

Microsatellites and RAPD can be used routinely in laboratories with
rudimentary equipment. On the other hand, RFLP and AFLP rely on
radioactive or biochemical marking of probes or primers and thus require
greater laboratory infrastructure. AFLP may possibly be revealed with a DNA
colorant such as silver nitrate (Cho et al., 1996). This technique is less
constraining in terms of infrastructure but reading the profiles obtained often
becomes a more delicate task.

Cost

Cost is inherently a determining factor in the choice of a molecular marker.
The cost of a routine genotyping operation depends on the availability of
certain molecular tools, such as probes for RFLP or primers for microsatellites,
the perfection of which may lead to significant and variable costs (fabrication
and maintenance of a probe bank, definition of microsatellite primers). If
these costs are set aside, for a given operation, the cost of different markers
can be calculated in two parts: the cost price at an elementary point (given
one marker for an individual) and the time taken to obtain it. The cost price
at one elementary point depends on how the laboratory gets its supplies and
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possible. There are ways to reduce costs that may make the choice of type of
marker totally independent of cost: the subcontracting of certain steps such
as occasional sequencing to service providers, agreements with other
competent research laboratories in a specific field and for limited periods,
and the use of kits for short periods or for occasional projects.

CONCLUSION

With biochemical and molecular markers we can obtain an image of the non-
selective diversity existing in a collection. Each type of marker has advantages
and disadvantages and the choice of a particular technique must be reasoned
on a case-by-case basis, taking into account the objectives, available means,
and state of our knowledge of the species studied. As far as we know at
present, the different techniques seem to give images sufficiently similar to
the genetic structure. The differences observed can be attributed to the
sampling of loci, to problems of repeatability and homoplasy for certain
techniques such as RAPD, and the nature of polymorphism revealed and
sequences targeted by each technique. It is probable that we lack distance
enough to judge on this last point.

The relationship between neutral polymorphism revealed by markers
and the polymorphism of useful morphoagronomic characters is not clear.
Markers reveal more or less precisely the similarities of sequences between
individuals for a sample of a locus. Morphoagronomic characters measure
resemblances between individuals on the basis of variables whose level of
expression depends on the number of potentially epistatic genes. Markers
may, however, be a useful tool to better sample genes of agronomic interest.
If the species is structured in genetic groups, that signifies that the entities
(populations, groups of genotypes) have had independent evolutionary
histories, characterized by limited gene exchange. It is thus possible that the
role of alleles determining the expression of characters of agronomic interest
is different from one group to the other in response to genetic drift or to
various pressures of selection. In this case, the sources of variations for
characters manipulated by the selector can be better sampled if the genetic
structure revealed by the markers is taken into account.
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APPENDIX

Description of Molecular Techniques

This section contains a succinct description of AFLP, RAPD, RFLP, and
microsatellite techniques. For more detailed descriptions, the reader is referred
to Karp et al. (1997), de Vienne and Santoni (1998), and the internet site of
IPGRI (http:/fwww.cgie.org/ipgriftraining). Words marked by an asterisk are
explained in the glossary at the end of this chapter. The internet site of the
Institut Pasteur (http://www.pasteur.fr/other/biology/francais/bio-docs-fr.html)
provides links to many dictionaries.

Isozymic techniques are not covered here, although they are competitive
in terms of diversity analysis, because they are already fully described in the
literature. One individual per track

AFLP (amplified fragment length polymorphism)
After extraction*, DNA is
hydrolysed under the action of two
restriction enzymes*. Specific
adaptors of two types of restriction
sites* are joined (ligation*) at the tips
of the fragments obtained. The
DNA thus prepared is used during
a PCR amplification*, which uses
two primers corresponding to
adaptors* to which are added one
to three arbitrary bases of 3*. One
of two primers is labelled. The
fragments produced by this
amplification are separated by
electrophoresis* on a denaturant
polyacrylamide gel*.

The gel is exposed* for some
days to contact with an
autoradiograph film*. For each
individual, several tens of
fragments, or Dbands, are
materialized. Each band is
interpreted as an allele of a
particular locus.

Alleles of different loci

Autoradiograph of a denaturant polyacrylamide gel on
which fragments from an AFLP radioactive amplification
are separated. The total length of the gel is 40 cm (photo
R. Purba, CIRAD).
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Microsatellites

After extraction*, the DNA is used in the same way as during a PCR
amplification*, which uses two primers* defined in the flanking regions* after
sequencing* of a microsatellite site (simple sequence repetition, SSR). The
fragments produced by this amplification are separated by electrophoresis*
on a resolutive agarose gel* (concentrated) or, better still, on a denaturant
polyacrylamide gel*.

It is the variation of number
of simple sequence repetitions that
is revealed. The monolocus nature
of microsatellites allows some

One individual per track

w

E flexibility as to the mode of

2 detection of products arising from

= PCR amplification*. The bands

s observed materialize the alleles of

%’ the target locus. Each allele

= corresponds to a particular
number of repetitions of the base

Autoradiograph of a long gel (40 motif of the microsatellite.

cm) of denaturant polyacrylamide

after radioactive PCR amplification One individual per track

of a microsatellite locus of hevea
(photo M. Rodier-Goud and M.

Seguin, CIRAD).

Alleles of
single locus
Heteroduplex

UV photograph of agarose gel. The

products of PCR amplification of a

microsatellite locus of hevea are stained

with ethidium bromide. This type of
One individual per track detection is useful because it is easy to
implement. The disadvantages are the
lower resolutive power than those of
.denaturant polyacrylamide gels, as well
as the appearance of supplementary
bands called heteroduplex, which are the
result of an artificial reassociation of
alleles of a heterozygous individual at the
end of PCR (photo by M. Rodier-Goud and
M. Seguin, CIRAD).

Alleles of single locus

Photograph of a short gel (12 cm) of
denaturant polyacrylamide. The products of
PCR amplification of a microsatellite locus of
banana are stained with silver nitrate (photo
by ].L. Noyer, CIRAD).
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RAPD (random amplified polymorphic DNA)

After extraction*, the DNA is used as during a PCR amplification®, which
results in a single primer* of 10 bases defined arbitrarily. For the amplification
to occur, this primer must find two inverted homologous sequences*, located
at a distance such that the amplification can take place. The fragments
produced by this amplification are separated by electrophoresis* on a
resolutive (concentrated) agarose gel*. The result is presented in the form of
a photograph of gel stained with ethidium bromide. Each band is interpreted
as an allele of a particular locus.

One individual per track

UV photograph of 4% agarose gel. The
products of RAPD amplification of DNA of 8
cacao plants are stained with ethidium
bromide (photo by ]. N’goran, CIRAD).

(=

2
1.
1

Alleles of different locus
=]
&
Marker of size
in kilobases

RFLP (restriction fragment length polymorphism)

After extraction*, the DNA is hydrolysed under the action of a restriction
enzyme*. Fragments of variable size are then separated by electrophoresis*
on an agarose gel* and then transferred on a membrane (Southern*). A labelled
probe is applied on this membrane. It hybridizes on the fragments that contain
all or part of a sequence* that is homologous* to it. After several washes with
increasing stringency, the membrane is exposed* for a few hours or up to a
few days. The result is presented in the form of an autoradiograph.. The
bands observed materialize the different alleles of a target locus. Each allele
corresponds to a particular configuration of restriction sites around the
homologous region of the probe.

One individual per track

Alleles of single locus

Marker of size
in kilobases

Autoradiograph of the DNA of seven
diploid banana plants hybridized with a
probe labelled with 32P (photo ].L. Noyer-
CIRAD)
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GLOSSARY

37-5" ends: The double strand of DNA is made up of two complementary
antiparallel strands, oriented 3°OH-5'P. The synthesis of DNA occurs
only from the 5” end to the 3" end. The bases of the primer located on the
3" end, where the synthesis occurs, have greater significance in the
accuracy of the required homology than the bases located at the other
end of the primer during PCR amplifications.

Adaptor: Fragment of double-strand DNA, synthesized, the known sequence
of which serves as a primer site for PCR amplifications. The adaptors are
already linked to DNA fragments that are to be amplified.

Agarose gel: Support of migration in electrophoresis. The resolutive
(separating) power increases with the concentration. All the same, one
cannot go beyond a concentration of around 4%. The resolution does not
routinely go beyond about 10 base pairs, even with high-performance
agaroses.

Autoradiography: Sensitive film that can be imprinted by a radioactive or light
ray. This radiation localized on a gel or on a membrane can provide a
labelled primer at its tip or a marked DNA.

Denaturant polyacrylamide gel: This support of electrophoretic migration is a
polyacrylamide gel in the composition of which is introduced a chaotropic
(generally of urea) that keeps the denatured complementary strands
dissociated. The migration technique allows the separation of DNA
fragments that otherwise would not be able to penetrate the gel beyond
a certain size.

Electrophoresis: A technique that allows the migration of a polarized molecule
under the action of an electric field. At a constant charge density, the
smallest molecules migrate further from their origin than the largest
molecules. Since DNA has a negative charge in solution, one can separate
fragments of different sizes.

Endonuclease: Enzyme capable of precisely catalysing the hydrolysis of DNA,
which causes cleavage of two strands within the chain (as opposed to
Exonucleases, which cause cleavage at the extremities of the chain).

Ethidium bromide: Intercalary agent of DNA that is fixed inside the double
helix. Once fixed, it becomes fluorescent under the UV light. This
characteristic is used to visualize DNA on a gel. (Ethidium bromide is a
toxic product.)

Exposure: When DNA fragments have been labelled, they emit a rather
luminous or radioactive glow. The radiation is detected on contact with
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a sensitive radiographic film (Autoradiography). According to the
intensity of the signal, the detection requires a reasonably long period of
contact with a substrate (such as gel or membrane) that contains DNA.

Extraction: There are various techniques to extract DNA from plants. The
high proportion of ‘contaminants’ that accompany DNA in this phase
obliges technicians to carry out long purification steps in addition to the
extraction itself. This difficulty of extraction, specific to the plant kingdom,
has long delayed the development of techniques of molecular biology in
comparison with those used in the animal kingdom. Even today, some
techniques are difficult to use because of the sometimes mediocre quality
of the DNA obtained.

Flanking regions: DNA sequences located on either side of a target sequence.
Homologue: See Homologous sequence.

Homologous sequence: Sequences identical in the series of bases that constitute
them. The notion of homology can be relative and arbitrary thresholds
can be fixed on it. Sequences can thus be considered homologous even if
they are not totally identical, in which case one speaks of a percentage of
homology (see also Hybridization).

Hybridize/Hybridization: Pairing of two complementary strands of DNA. The
stringency can be controlled by temperature for a given saline charge.
For a PCR primer of 10 to 30 bases, the hybridization temperature (Tm)
can be calculated with precision, even if the calculation formulae have
been obtained empirically. A drop of some degrees in the temperature
calculated can bring the primer to hybridize on sites that are not totally
homologous to it, particularly at its 5° end. For probes used in RFLP,
which are larger, the control of homology is not absolute (see also
Homologous sequence).

Hydrolysis: see Endonuclease.

Ligation: Linkage of two double-strand fragments of DNA at their tips. For
this, ligase is used, an enzyme that can effect this linkage no matter what
kind of cut (plain or sticky ends) has produced the strands.

Marker/Marking (also Labelling): Technique that allows the tracking and
location of a DNA molecule by addition or replacement of one or several
nucleotides by nucleotides modified by an artificial radioisotope of the
%2P, ¥P, or ¥S type or a chemoluminescent molecule. A large fragment
(more than 100-200 nucleotides) is marked by replacing a normal
nucleotide by a modified nucleotide (nick translation or random priming
labelling). A small fragment or oligonucleotide is marked by the addition
of a base modified in terminal position (end labelling).
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PCR amplification: Reaction of synthesis of DNA fragments following a series
of cycles of denaturation, hybridization, and synthesis, which allows the
amplification in quantity of a target DNA sequence. In theory, an
amplification of n cycles gives 2n times the number of copies of fragment
synthesized in the course of the first cycle. In practice, it always gives
less. The discovery of heat-stable DNA polymerases, resistant to several
cycles of denaturation of DNA at 95°C, has led to the spectacular
development of this technique.

Primer: Fragment of single-strand DNA, synthesized, which after
hybridization on a homologous sequence of a denatured strand of DNA
serves as a point of anchorage to trigger the synthesis of a complementary
strand. During the hybridization on genomic DNA, it is the length of the
primers that defines the specificity of the target locus. In the case of RAPD,
one primer of about 10 bases will hybridize on several hundreds, even
thousands, of sites in each direction and allow the amplification of a
small number of fragments (about 10). In the case of microsatellites, two
primers of 20 bases will statistically allow the amplification of a single
locus (apart from duplications).

Probe: Marked DNA fragment the sequence and function of which are not
necessarily known (but may be) and that is used to locate homologous
sequences among other sequences.

Restriction enzyme: Endonuclease that cuts DNA at a specific site. This site is
defined by a sequence of bases. The most frequently used enzymes
recognize sequences of 4 or 6 bases.

Restriction site: A sequence recognized by a restriction enzyme.
Sequence: A determined series of bases that compose a DNA strand.
Sequencing: A process that determines the sequence of a DNA fragment.

Southern (blot): After T. Southern, inventor of the technique. A technique of
transfer of DNA on a membrane (blot) following a hybridization, which
then allows research by means of a probe labelled with target DNA
fragments. By analogy between the name of the inventor and the cardinal
points, the Western blot technique was developed for the proteins and
the Northern blot for RNA. The East remains to be conquered.

Stringency: Quality of a medium of hybridization or reassociation of nucleic
acids. Stringency depends mainly on conditions of temperature, pH, and
saline concentration. If stringency is high, all the base pairs of two nucleic
acids that are to reassociate must be complementary. When the stringency
drops, the reassociation is made by tolerating a growing number of base
pairs with a lower percentage of homology.
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