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Choosing the right molecular genetic markers for studying biodiversity: from
molecular evolution to practical aspects

Chenuil Anne

Centre d’Océanologie de Marseille Laboratoire DIMAR, UMR CNRS 6540-Université de la Méditerranée
Chemin de la batterie des Lions, 13007, Marseille, France (E-mail: chenuil@com.univ-mrs.fr; Phone: +33-
0491041617; Fax: +33-0491041635)

Key words: biodiversity, choice, molecular evolution, molecular marker, practice, substitution rate

Abbreviation: AFLP — Amplification fragment length polymorphism; ARRF — Anonymous rare-cutter
restriction fragments; CAPS — Cleaved amplified polymorphic sequence; DALP — Direct amplification of
length polymorphism; DGGE — Denaturing gradient gel electrophoresis; ETS — External transcribed spacer
(of rDNA); FISH — Fluorescent in situ hybridization; ILP — Intron length polymorphism; ISSR — Inter-
simple sequence repeat; ITS — Internal transcribed spacer; MGM — Molecular genetic marker; ORF — Open
reading frame; PCR — Polymerizing chain reaction; RAPD — Random amplified polymorphic DNA;
RFLP — Restriction fragment length polymorphism; RSCA — Reference Strand Conformation Analysis;
rDNA - Ribosomal DNA; SNP — Single nucleotide polymorphism; SSCP — Single-strand conformation
polymorphism; ssDNA — Single-strand DNA

Abstract

The use of molecular genetic markers (MGMs) has become widespread among evolutionary biologists,
and the methods of analysis of genetic data improve rapidly, yet an organized framework in which
scientists can work is lacking. Elements of molecular evolution are summarized to explain the origin of
variation at the DNA level, its measures, and the relationships linking genetic variability to the biological
parameters of the studied organisms. MGM are defined by two components: the DNA region(s) screened,
and the technique used to reveal its variation. Criteria of choice belong to three categories: (1) the level of
variability, (2) the nature of the information (e.g. dominance vs. codominance, ploidy, ... ) which must be
determined according to the biological question and (3) some practical criteria which mainly depend on
the equipment of the laboratory and experience of the scientist. A three-step procedure is proposed for
drawing up MGMs suitable to answer given biological questions, and compiled data are organized to
guide the choice at each step: (1) choice, determined by the biological question, of the level of variability
and of the criteria of the nature of information, (2) choice of the DNA region and (3) choice of the
technique.

Introduction

The first markers used for genetic analysis were
morphological traits transmitted by mendelian
inheritance. More simply, any character geneti-
cally determined is considered as a genetic marker.

Molecular genetic markers (MGMs) directly re-
flect the variation at the level of DNA.

Rapid technical as well as theoretical advances
greatly modified the range of tools available for
the study of biodiversity (Waser and Strobeck,
1998; Luikart and England, 1999; Sunnucks, 2000)



and, despite the amount of literature available
(Avise, 1994; Dowling et al., 1996; Carvalho, 1998;
Féral, 2002; Zhang and Hewitt, 2003), it may be
difficult for those not familiar with molecular
tools, population genetics or phylogenetic con-
cepts to choose the right one. Methods detailed in
this paper are those which allow one to reveal
hitherto unknown variants, and are potentially
applicable to any taxon (i.e., for which DNA se-
quences are not available), excluding therefore all
diagnostic approaches sensu lato (e.g., fluorescence
in situ hybridization, FISH; or single nucleotide
polymorphisms, SNPs; (Amann et al., 1995; Kwok
and Chen, 2003)).

To be properly made, the design of a MGM (or
a set of MGMs) must follow three successive steps
which correspond to the frame of the paper (Fig-
ure 1): (1) choice of the level of variability and of
the criteria of the nature of information, (2) choice
of the DNA region and (3) choice of the tech-
nique. The first step consists in determining the
criteria to be fulfilled by the MGM in order to

answer the biological question asked. These cri-
teria can be separated in two categories, first, the
level of variability, second, all criteria concerning
the nature of the information (e.g., dominance/
codominance, recombination, ...). Then, appro-
priate MGMs should be designed according to
these criteria. Often, MGMs are confused either
with a technique (e.g., single strand conformation
polymorphism, SSCP), or with a DNA region (e.g.
mt-DNA), but considering the DNA region and
the technique as independent and complementary
components of MGM definition is necessary to
properly organize the information for guiding the
choice of appropriate MGMs. In effect, the choice
of the DNA region, which is the second step of
MGM design, is the main determinant of the level
of wvariability and also determines some key
features of the nature of the information (ploidy,
inheritance, availability of a database), whereas
the choice of the technique, the third step, deter-
mines the other features of the nature of the
information (codominance, possibility of assessing

Il - Components of MGM definition

‘ DNA region I

Technique

| Variability (Box 1, Box 2) |

H Nature of information ‘

Ploidy
Inheritance
Recombination
Data base availability
Codominance vs dominance
Evolutionary relationships
between alleles
Field sampling ease
Repeatability
Preliminary set-up
Readability of data
Hazard
Cost

| - Criteria of choice

Practical aspects

Complexity
Throughput

Tab. 1

Detection

Template. Electro-
production phoresis

Tab. 2

Tab. 3

Box 3

Figure 1. Flowchart diagram explaining how to use the paper for designing MGMs. It links the three categories of criteria of
choice (first part of the paper) with the components of MGM definition, DNA region and techniques (second part of the paper).
Relevant figures, tables and boxes are indicated. The three successive steps in the process of MGM design appear in circles. The
grey arrows mean: “‘is (mostly) determined by,” for example, Ploidy and Inheritance are determined by the DNA region, “Codom-

inance (or not)” is determined by the technique.



evolutionary relationships among alleles). 1
emphasize, and this will be demonstrated in the
paragraph about the nature of the information,
that using a combination of different types of
MGMs is synergistic. Though this paper is not
aimed at providing protocols, some ‘‘bench”
details, which are not available in general reviews
and appeared decisive in the building of the
MGM, are given.

The criteria (first step)

Population genetics theory allows deducing bio-
logical parameters from genetic marker data.
Table 1 gives an overview of the most common
questions addressed using MGMs. Historically,
the mathematical relationships, which were first
used, were derived under the equilibrium
assumption (i.e., the parameter value at generation

Table 1. Examples of classical biological questions at different biodiversity level, with the corresponding properties requested for
MGMs about level of variability and nature of information, and most used markers

Biological issues/
biodiversity level

Level of
variability

Nature of information
required

Examples of most
used markers

Intra-population

Fine population structure,
reproduction system,
selfing rate
Fingerprinting,

parentage analysis
Demography

(estimation of N)
Demographic history

Inter-population
Phylogeography, definition of
evolutionary significant units
(population structure)
Bioconservation

Inter-specific
Close species

Different genera to families....

Different classes to phyla

Medium to high

Very high

Medium to high

Medium to high

Medium to high

Medium

ca. 1% /my

ca. 0.1%/my

ca. 0.01%/my

(N) codominant

loci = (Multilocus)
genotype'

Codominant loci or
numerous dominant loci?
Allele frequency in samples
taken at different times®
Allele frequency +
evolutionary

relationships®

Allele frequency

in each population®
But preferable

with knowledge of:
Allele evolutionary
relationships

Many characters. No
variability within species
if possible

Idem

idem

Microsatellites, allozymes

Microsatellites
(RAPD, AFLP)?
Allozymes, Microsatellites

Mt-DNA sequences

Allozymes, microsatellites
(risk of size homoplasy)

Mt-DNA
(if variable enough)

Sequences of mt-DNA, ITS rDNA, ...

Some LSU* rDNA domains (D1 < D2, D3),
but also mt-DNA or SSU rDNA (Table 2)
D1 of LSU rDNA, SSU rDNA sequences

"' To compare observed proportions of heterozygotes to those expected assuming Hardy—Weinberg equilibrium, allowing us to detect
departure from Hardy—Weinberg equilibrium, due to population admixture, non-panmixia or selection (mutation is negligible).
Comparison among independent loci distinguishes patterns due to migration, which similarly affect all loci from those due to selection.
2 One dominant marker yielding a high number of polymorphic fragments (each corresponding to a dominant locus) may provide finer
resolution (exclusion probabilities) than few codominant loci (Gerber et al., 2000) when one parent is known.

3 Methods using Multilocus genotypes are still less employed than monolocus ones though they are powerful for studying population
admixture, migrant numbers, and demographic variations (Waser & Strobeck, 1998; Davies et al., 1999; Vitalis & Couvet, 2001).

4 LSU: Large sub-unit. SSU: small sub-unit.
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n equals its value at generation n + 1) (e.g., Fsr
and Fig statistics). Though Fgst were used to infer
genetic distances among populations, genetic data
were generally not translated in quantitative esti-
mates of biological parameters (e.g., selfing rates
from Fig, or migrant numbers from Fgr) but rather
used to detect a phenomenon, or compare its
strength among populations or species: for exam-
ple, (i) a limit to gene flow between two popula-
tions is revealed by a significantly non-null Fgr or
exact tests on allele distribution among popula-
tions, and (ii) the fact that a population is not at
Hardy—Weinberg equilibrium is evidenced by a
significantly non-null Fig or relevant exact tests,
suggesting either inbreeding or internal structure
of the population considered. Then, technical
progress and lowering costs of sequencing allowed
us to obtain numerous DNA sequence data even
for intra-specific studies. With the opportunity to
infer genealogical relationships between variants
(or alleles) and the development of the coalescent
theory, it became easier to detect non-equilibrium
processes and a variety of models may be built to
estimate several biological parameters simulta-
neously (Templeton, 1998; Davies et al., 1999). All
MGMs are not equally suitable to make different
types of biological inferences. Two classes of cri-
teria must be considered, the variability, and the
nature of the information given.

Variability: origin and quantification at the DN A
level

According to the level of biodiversity under study, a
given level of variability of the marker is required.
High to very high levels of variability are required
for intra-population purposes (e.g., parentage
analyses, reproductive systems, demographic his-
tory). Medium to high variability is adequate when
distinct populations are compared (e.g., phyloge-
ography, definition of evolutionary significant
units). Phylogenetic studies require moderate to
very low variability (ca. 1% per million year (%)/
my) for close species, ca. 0.1%/my when distinct
genera/families are compared and ca. 0.01% /my for
inferring relationships between different classes or
phyla; inferred from Table 2). Excessive variability
may lead to homoplasy (i.e., coexistence of identical
variants of independent evolutionary origins).
Understanding how  evolutionary forces
(mutation, selection, drift and migration) create

and remove variability at the DNA level (Box 1)
helps us to choose the right molecular marker.
Data of primary (nucleotide sequence) and sec-
ondary (folding of single strand DNA) structures
of DNA sequences may give information on their
variability. For instance, repetitive sequences are
more mutable and therefore provide more vari-
able markers. Moreover, if the sequence is
apparently incompatible with protein coding
frames (e.g., presence of long dinucleotide re-
peats, stop codons), there is an increased proba-
bility that selective constraints are weak, so that
less mutations are eliminated by selection and
more mutations contribute to polymorphism.
There are two fundamental classes of variabil-
ity measures from MGM data, polymorphism (e.g.
expected heterozygosity H, or its equivalent for
haploid data, “haplotypic diversity’’) (which esti-
mation only requires to know the frequency of all
variants), and substitution rates K (which estima-
tion requires sequence data) (Box 1). Nucleotide
diversity (Pi) combines these two types of mea-
sures, using both sequence data and allele fre-
quency data. Theory tells us that in the absence of
selection (neutrality) these values only depend on
the mutation rate of the DNA region characterized
by the genetic marker and eventually (for poly-
morphism and diversity) on the effective size (Box
1). Mutation rates are generally unknown, but
estimates can be inferred from neutral markers
(Box 1). Two studies on fish provide a nice illus-
tration of the double influence of the effective size
of the population and the mutation rate of the
DNA region on the level of polymorphism. Ex-
pected heterozygosity, H,, is significantly smaller
in freshwater than anadromous, and anadromous
than marine fish populations, either with allozymic
markers (Ward et al., 1994) (H, are respectively
0.046, 0.052 and 0.059) or with microsatellite loci
(DeWoody and Avise, 2000) (respective H. : 0.54,
0.68 and 0.77); and H, from allozymes were sig-
nificantly smaller than from microsatellites. In
practice, these measures of variability are simply
deduced from the data given by the MGM (Box 1).
Information on evolutionary rates is useful for
choosing an MGM because the relative evolu-
tionary rates of different molecules are usually
conserved across lineages. For example, small
subunit rDNA of nuclear genomes always evolves
about two orders of magnitude more slowly than
16 S mt-DNA, its mitochondrial counterpart
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5> Assuming models of mutation, one may compute relationships between alleles according to their sizes, but homoplasy is greater than for allele relationships deduced from non-

repetitious sequence data.
$ In microsatellites, risks of null alleles are greater than other markers for which primers are systematically designed in coding regions, and polymerase stuttering produces

“phantom bands”.
8 Codominant markers can be obtained from fragments after isolation and sequencing, more easily with DALP and AFLP than RAPD since cloning is required when fragments are

generated from a single primer.
° Distances between individuals or variants can be calculated from the number of shared bands but it is impossible to reconstruct evolutionary relationships between alleles, a

necessary step for coalescence approaches.

1" DALP using longer primers and not requiring digestion of the native extract DNA is less sensitive to DNA extract quality and to PCR conditions than RAPD or AFLP.

7 There are risks of small allele dominance if allele sizes vary greatly. This affects reliability rather than reproducibility.

Table 3. (continued)

(Table 2) for a given species. Whenever possible,
validation of evolutionary rates must be per-
formed using independent (palacontological, geo-
logical or biogeographical) information since these
rates vary among lineages. Variation also occurs
among sites for a given molecule (e.g., 18 S rDNA;
Hillis and Dixon, 1991), some sites may be “‘sat-
urated” (causing homoplasy) for a given species
set even though a high proportion of sites are
invariant and distances between sequences seem
moderate when calculated globally (Tourasse and
Gouy, 1997).

The nature of the information

The nature of the information provided by dif-
ferent MGMs is very variable, and the features of
the nature of the information which are most
desirable vary according to the biological question
asked. Six features must be considered.

First, ploidy of the marker, which depends on
its genomic localization, is crucial. (i) The effective
number of copies is inversely related to the
strength of genetic drift; haploid mitochondrial or
chloroplastic DNA is more sensitive to genetic
drift than diploid nuclear DNA (Box 1), hence it
can reveal isolation between populations which
occurred four times more recently than a nuclear
DNA marker with the same mutation rate
(Palumbi et al., 2001). (ii) Unambiguous sequence
data are much simpler to obtain for haploid
markers: for nuclear DNA regions, obtaining the
nucleotide sequence of both alleles of a heterozy-
gote individual requires cloning and multiple
sequencing which forbids analysis of large sam-
ples, or the combined use of DNA conformation
techniques which may not reveal all variants (see
below). (iii) Diploid loci are the only ones able to
provide the so-called codominant information (see
next criterion).

Second, MGM provide either a molecular
phenotype, that is, an array of presence /absence
data of given fragments (dominant markers) or a
genotype, that is, both alleles of diploid individu-
als are characterized (codominant markers),
which is a more precise information. Diploid
genotypic data (or codominant data) are necessary
to estimate heterozygote deficiency, hence con-
sanguinity.



Table 4. Approximate cost in €uros (for a small european laboratory in 2005) for all steps of most used techniques for 100 indi-
viduals. Prices depend upon the size of the laboratory, and the relative prices among techniques evolve rapidly. Facultative steps,
proteinase K (alternative to grinding) and post-staining by other products than ethidium bromide (cost of ethidium bromide is neg-
ligible) are in italics. I consider that yellow tips are purchased in racks, not bulk, and that molecular weight markers giving regu-
larly spaced fragments every 100 bp are used, eventually in addition to 20 bp spaced fragments, in two or three lanes per gel.
Abbreviations “H” and “V” refer to “horizontal” and “vertical” gels. Three methods are compared for DNA extraction: chelex,
classical phenol chloroform method and commercial kits (the Nucleon kit (APB biotech)). Yellow tips are included in cost estima-
tion, as well as plastic PCR plates and plastic vials, except for electrophoresis loading where tips are not counted for 100 individu-
als since they may eventually be re-used after rinsing in the electrophoretic buffer. Using automatic sequencers, fragment size
determination may be performed accurately for an approximate cost of 300 € per hundred samples including internal size stan-

dards, by private companies. PCR are in a volume of 20 ul

Technical task (for 100 samples) Cost (€)
DNA Extraction

Chelex method 60
Classic phenol method (CTAB) 26-30
Industry kit (Nucleon) 100
(alternative to grinding) Proteinase K 1-3
Enzymatic reactions

PCR (Non-labeled) 25
PCR (Fluorescent “Abi”” primers labels) 35
PCR (Radioactive labeling) 100
Sequencing (Industry) small quantities 800-1500
Sequencing (Industry) by plates of 96 samples 400-700
Restriction Digestion 10-16
Electrophoresis

Routine Agarose 2%, 5 cm long, H 4-7
Routine Agarose 2%, 20 cm long, H 26-30
High resolution Agarose 3%, 20 cm long, H 60
High resolution Agarose 3%, 18 cm long, V 10-16
Polyacrylamide Urea 6%, 40 cm long, V 2-4
Polyacrylamide Urea 8%, 20 cm long, V 2-4
Automatic sequencer fragment analysis (Industry) 300
Post-staining by Gel star — Agarose gels 5 cm 6
Post-staining by Gel star — Agarose gels 20 cm 5-8
Post-staining by Gel star — all vertical gels 4
Yellow tips 4

Size marker (100 bp ladder) 5-8
Size marker (100 + 20 bp ladder) 10-18

Third, inheritance may be biparental (auto-
somes, X or Z chromosomes, chloroplast DNA in
some species, mt-DNA in mussels), paternal (Y
chromosome, chloroplast DNA in some plants), or
maternal (W chromosome, mt-DNA in animals
and many plants, chloroplasts in some plants)
(Table 2). Combination in the same study of
markers of different inheritance allows, for in-
stance, the comparison of male and female

migration (Prugnolle and De Meets, 2002) or male
and female success in reproduction (Poteaux et al.,
1999).

Fourth, recombination may exist (autosomes in
most diploid eukaryotes, mt-DNA in plants), or
not (species without crossing-over, mt-DNA of
animals, part of the X, and Y chromosomes,
chloroplastic DNA) in the DNA region charac-
terized (Table 2). In the latter case, theoretical
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Box 1. (continued)

Huttley, G. A., I. B. Jakobsen, S. R. Wilson & S. Easteal, 2000. How important is DNA replication for mutagenesis ? Mol Biol Evol
17: 929-937.

Graur, D. & W.-H. Li (2000) Fundamentals of Molecular Evolution. Sinauer Associates, Inc., Sunderland, Massachussets

Eddy, S. R., 2001. Non-coding RNA genes and the modern RNA world. Nat Rev Genet 2: 919-929.
Ohta, T., 1992. The nearly neutral theory of molecular evolution. Annu Rev Ecol Syst 23: 263-286.

O = =

Kimura, M., 1986. DNA and the neutral theory. Phil Trans R Soc Lond B 312: 343-354.

o—

Page, R. M. & E. C. Holmes (1998) Molecular evolution. A phylogenetic approach., 1st edn. Blackwell-Science, Cambridge
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deductions are simplified because there are less
unknown parameters.

Fifth, there may be a universal database for an
MGM (e.g. sequences of the small subunit ribo-
somal RNA is known from species of nearly all
phyla). In such a case, information is homologous
thus comparable to data obtained by the same
marker in other taxa, variation of evolutionary
rates can be tested and divergence times may
eventually be estimated.

Sixth, and very important, evolutionary rela-
tionships between variants may be reconstructed
(e.g., from sequence data, or, less reliably, from
repeat numbers) provided an evolutionary model,
depending on DNA region, is assumed. In such
cases, data analyses are potentially much more
powerful (Templeton, 1998). Furthermore, selec-
tive effects can be detected from the analysis of
DNA sequences (Yang and Bielawski, 2000;
Nielsen, 2001).

It is therefore clear that no ideal MGM exists,
because these “ideal” properties are often mutu-
ally exclusive. For example, diploid codominant
markers are necessary to assess consanguinity, but
haploid markers are the best ones to infer evolu-
tionary relationships among variants (since it re-
quires unambiguous sequence information).
Choosing a set of MGMs displaying complemen-
tary properties relative to the nature of the infor-
mation (Buonaccorsi et al., 2001) is therefore
synergistic. Though for a given type of marker, it is
highly recommended to use several physically
independent loci (e.g., various microsatellites or
random amplified polymorphic DNA (RAPD)
fragments), this condition obviously cannot be
fulfilled for mt-DNA markers. In many cases, the
use of well known mitochondrial regions (for
animals) or chloroplastic regions for plants, com-
bined with diploid codominant markers appears as
a good solution. Presently, identification of poly-
morphic codominant markers for new taxa still
requires preliminary research but with the growing
number of sequenced genomes, more EPIC loci
(Exon Primed Intron Crossing), working across
high taxonomic levels should become available by
identification of conserved intron positions and
design of degenerate primers in the flanking exons.
When the problem of ““ heterozygote sequencing”
will be resolved (i.e., when the sequence of the two
alleles of the same locus mixed as a result of
polymerizing chain reaction (PCR) from an
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heterozygote can be determined simultaneously), the
use of such powerful markers will spread rapidly.

Practical criteria

The practical criteria are not directly related to the
biological questions and can be considered at the
end of the process of designing MGMs.

Eight practical criteria are important (Figure 1,
Tables 3 and 4, Box 2): (1) ease of field sampling,
(2) repeatability of technique, (3) readability of the
data (difficulty arise when the distinct DNA frag-
ments of interest display intensity variation), (4)
preliminary set-up, before routine conditions are
established (requires variable amounts of time and
money), (5) manipulation of hazardous products
such as radioisotopes and mutagens (generally
depends on the detection method), (6) technical
complexity of routine typing, once primary set-up
has been performed, (7) throughput (the number
of samples which can be processed per day per
person, once preliminary set-up has been com-
pleted) depends on the equipment of the labora-
tory) and (8) cost. The second part of the paper
gives information to allow one to estimate these
practical criteria, except for technical complexity,
which strongly depends on laboratory equipment
and personal preferences.

DNA regions and Techniques available to build your
own MGMs

Choice of the DNA regions (second step)

The DNA region is the primary determinant of the
variability of the MGM and determines several
features of the nature of the information, which
are detailed in Table 2. Estimates of variability
which are theoretically independent of life history
traits (s..) and contingent factors affecting the
populations are more useful for choosing MGM:s
(Box 1). For this reason, neutral substitution rates
or mutation rates, rather than estimates of poly-
morphism, are given in Table 2. The range of
variation among DNA regions is much greater
than among linecages. Comparative studies of
evolutionary rates of various DNA regions in a
given sample of taxa are still rare (Pesole et al.,
1999; Rokas et al., 2002). DNA regions suitable
for MGMs are known in any genome compartment
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(nuclear and cytoplasmic) and also, for few taxo-
nomic groups, in sexual chromosomes. Small
subunit rTDNA was the marker of choice for phy-
logenetics at high taxonomic levels for a long time
but several protein coding genes sequences are
now available for a number of highly divergent
taxa (Roger et al., 1999; Graur and Li, 2000; Ro-
kas et al., 2002). Several regions of mt-DNA, with
contrasting evolutionary rates, are intensively used
in a diversity of animal groups (the regions form-
ing the largest databases are reported in Table 2).
Though two D-loop domains are famous for being
the most rapidly evolving regions, synonymous
changes or third codon positions of any mito-
chondrial gene display a similar variability (Pesole
et al. 1999) while being easier to align since inser-
tions and deletions are very rare and are multiples
of three bases in mitochondrial coding regions.
The 16 S rDNA has the largest database of the low
variability mitochondrial regions (i.e., tRNAs and
rRNAs). Numerous studies report rate variation
between lineages (see Caccone et al. (1997) for
vertebrates).

Some approaches reveal polymorphism from
random target PCR (RAPD, amplification frag-
ment length polymorphism, AFLP; DALP, ISSR):
small primers are used to generate a pattern of
presence/absence of fragments of different size,
providing dominant markers. Alternatively, the
DNA region characterized is a priori defined (i.e.,
between a pair of PCR primers encompassing a
known nucleotide sequence). Several regions,
coding or not, homologous between highly di-
verged species, are widely used (Table 2). Introns
are particularly interesting since they are probably
often selectively neutral and highly polymorphic.
Choosing primers in the flanking constrained exon
sequences (EPIC PCR) theoretically provides
polymorphic markers working in diverged species
and not subjected to null alleles (often due to non-
binding of PCR primers). Introns often display
insertions and deletions which facilitate their
genotyping (size variation) and may be highly
variable (Ohresser et al., 1997; Bierne et al., 2000).
Some intron positions appear conserved across
phylogenetically distant organisms or even among
phyla (Palumbi, 1996; Jarman et al., 2002; A-
tarhouch et al., 2003) but these are likely to be
under some sort of selective constraint and their
polymorphism may be reduced, or they belong to
multigenic families, impeeding genotype inference.



By contrast microsatellite loci are generally not
conserved between diverging species. They are
defined by their composition of tandem repeats of
short motifs (one to four bases), and are famous
for their high polymorphism.

Choice of the Techniques (third step)

The technique used to detect variation of the
chosen DNA region determines two crucial ele-
ments of the nature of the information, codomi-
nance and the possibility of inferring evolutionary
relationships among variants, and the practical
criteria (Table 3). Four main phases are usually
necessary to obtain the data: preliminary work to
define the DNA region(s) to chose (see below),
template production (extraction of DNA or allo-
zymes and enzymatic reactions), electrophoresis,
and detection. The phases of “template produc-
tion” and ““electrophoresis’ influence the nature of
information produced and two practical aspects:
repeatability and preliminary set-up (Table 3).
Detection methods determine hazards, and influ-
ence technical complexity, throughput (Box 3) and
cost (Table 4). Main techniques available for
MGMs are described by their technical pathway in
Table 3. All technical phases are surveyed below,
highlighting those which may present particular
difficulties, or for which alternative choices corre-
spond to different MGMs.

Phase 1: Preliminary work to define the DNA
region used

Before starting the technical work, sensu stricto,
choosing the DNA region requires searches, either
in bibliographical databases or in banks of genes,
and aligning DNA sequences in order to choose
primers potentially conserved in the studied
organism. In the case of microsatellites, deter-
mining primers requires previous isolation of se-
quences containing microsatellites which involves
cloning and may be time consuming but may also
be obtained from private companies (Zane et al.,
2002).

Phase 2: Template production
Enzymatic extraction for allozyme markers re-

quires fresh or frozen tissue. By contrast, DNA
extraction, if followed by a PCR step, allows easy
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and non-invasive field sampling for relatively large
organisms, and analysis of very small organisms,
since minute amounts of tissue conserved in small
volumes of ethanol can be used. DNA extraction
can be very rapid and cheap (Chelex method,
Walsh et al., 1991) although direct digestion of
DNA extract by restriction enzymes and random
target PCR methods may require more demanding
extraction procedures. In AFLP (Vos et al., 1995),
extracted DNA is digested (two restriction en-
zymes are generally used) and then linked to small
adaptors (linkers) before PCR. Random PCR
methods may generate relatively large fragments
which may not be successfully amplified in DNA
extracts which are too degraded (fragments of low-
molecular weight). Restriction digestion may be
inhibited by several compounds in DNA extracts.

PCR is performed in nearly all recent MGM
techniques. For random target PCR, different
types of primers may be used. PCR at low
annealing temperatures with one short primer
(around 10 bases, for RAPD) provides multiband
patterns. Mis-priming may limit the repeatability
of such PCR (Atienzar et al., 2000) and very
constant experimental conditions are required
from DNA extraction to detection to allow the
comparison of profiles across experiments. In
AFLP, primers are longer than in RAPD and
correspond to the sequence of the linker, plus one
to three bases at the 5" end. Another method, di-
rect amplification of length polymorphism
(DALP, Desmarais et al., 1997) also uses long
primer pairs and relatively high-PCR annealing
temperatures, its reproducibility is excellent.
AFLP provides more polymorphic bands than
RAPD and DALP, but requires more steps, po-
tential sources of error. In inter-simple sequence
repeat (ISSR), primers are composed of a micro-
satellite sequence plus eventually one to three
arbitrary bases in the 5" or 3’ direction. Although
less widely used, ISSR appear more reproducible
than RAPD (probably because primers exceed 12
bases). Random target PCR techniques mostly
give dominant markers, but have the advantage of
rapidly producing a large number of polymorphic
loci (each fragment), which compensate for the
missing information in particular cases of parent-
age analysis (Gerber et al., 2000). After PCR,
digestion by restriction enzymes, which generally
does not require amplicon purification, may sim-
ply provide co-dominant markers, named cleaved



amplified polymorphic sequence (CAPS) (Kon-
ieczny and Ausubel, 1993). One may easily identify
polymorphic sites by sequencing amplicons from a
pool of individuals, and if a restriction enzyme
corresponds to a polymorphic site, obtain a CAPS
codominant marker (Laporte and Charlesworth,
2001). The advantage of this technique over SSCP
(see below) is its reproducibility, the fact that
electrophoresis may be run on a 2% agarose gel
(easier handling) and the predictability of frag-
ment positions from sequence data (no need to
control electrophoretical conditions precisely).

For all MGMs obtained after PCR (particu-
larly microsatellites) there are risks of null alleles
and small allele dominance (Wattier et al., 1998).
Marine invertebrates seem particularly prone to
null alleles (Chenuil et al. (2003), and numerous
unpublished reports of non-usable microsatellite
loci), which is likely a consequence of their large
effective sizes causing high H. (Box 1). Primers
located in coding regions are less prone to null
alleles.

Anonymous rare-cutter restriction fragments
(ARRF) is the only method providing multiple
codominant markers, though allocating fragments
to distinct loci may not always be straigthforward
(McDonalds, website: http://udel.edu/~mcdonald]
arrf.html). The procedure is roughly similar to
AFLP (digestion and ligation to adaptors) except
that the absence of PCR requires much higher
DNA quantity, but allows distinguishing homo-
zygotes and heterozygotes by twofold difference in
fluorescence. Background is lacking to thoroughly
evaluate this promising method.

Phase 3: Electrophoresis

Electrophoresis techniques discriminate variants
by (i) their charge and mass (allozymes), (ii) their
size in number of base pairs (microsatellites,
RFLP, ILP, RAPD, AFLP, sequencing), (iii) their
single-strand conformation (SSCP) or dsDNA
conformation (reference strand conformation
analysis, RSCA), or (iv) their denaturing grading
gel electrophoresis profile (DGGE, (hetero)duplex
analysis). In cases of heterozygosity at more than
one site or for indels, sequencing does not allow to
reconstruct diploid genotypes. Cloning is a time
consuming solution not suitable to characterize
populations. Electrophoresis techniques, which
discriminate DNA by conformation differences
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(SSCP, Orita et al., 1989; Sunnucks et al., 2000;
DGGE, Myers et al., 1987; hetero-duplex and
duplex analysis, Hauser et al., 1998), potentially
reveal variation of any nature, unlike size dis-
crimination electrophoresis. Prior to electropho-
resis sensu stricto, the denaturation step is crucial.
It may be absent (agarose gel electrophoresis,
non-denaturing polyacrylamide gels). There is
permanent denaturation when DNA is heated in
denaturing loading dye and run on denaturing gels
(containing urea). Denaturation may be followed
either by quick renaturation in ice (SSCP), which
results in at least two single strand conformations
(one folding for each strand) even for homozygous
individuals, or by slow renaturation (duplex/het-
eroduplex), which allows heterozygote samples to
form two heteroduplex dsDNA molecules in
addition to the homoduplexes produced by PCR.

Except for capillary automated sequencers,
electrophoresis is performed either in agarose gels
or in more resolving gels: polyacrylamide gels,
denaturing polyacrylamide-urea gels or special
conformation sensitive matrices. For non-dena-
turing gels, voltage is limited by the risk of sample
denaturation, dSDNA migrates much faster than
single strand DNA (ssDNA; run in denaturing gels
containing urea). Though denaturing gels are often
used for microsatellites, non-denaturing poly-
acrylamide gels appear very convenient since they
can be run on smaller apparati, are easier to cool
and provide medium sized easily post-stained gels
(convenient and cost effective alternative to
radioactivity, fluorescence or silver staining).
Unfortunately there is no precise relationship be-
tween migration distance and dsDNA size in
polyacrylamide gels (Sambrook et al., 1989). High
resolution agarose is promising according to White
and Kusukawa (1997) (resolution may attain 2%
for a 4% gel), but actually poses many problems at
melting, casting and running and is expensive. For
SSCP, the samples are run in polyacrylamide or
special conformation-sensitive matrix gels. If the
fragment is small (about 200-300 bp) typically
more than 90% of point substitutions can be re-
vealed. All variables (temperature, voltage, gel
composition) influence the position of the variants
unpredictably. For duplex/heteroduplex technique
and DGGE, samples are run on a gradient gel of
increasing denaturing composition (urea). Het-
eroduplex DNA denatures well before homodu-
plexes because of mismatches, and therefore gives



higher bands in such gels. Homoduplexes of dif-
ferent sequences also dissociate at different points
according to their base composition in a roughly
predictable way. About 95% of differences may be
detected. For these conformation-sensitive tech-
niques, electrophoresis conditions must be pre-
cisely determined if variants are to be compared
among gels. In addition, profiles may be complex.
In SSCP, even a homozygote produces at least two
bands and additional bands are often encountered
due to alternative conformations or presence of
dsDNA. In duplex analysis or DGGE, a hetero-
zygote may display four different bands. This may
explain why SSCP in biodiversity studies is mostly
applied to haploid DNA (mt-DNA) rather than
used as a codominant marker. In another tech-
nique, RSCA, prior to a non-denaturing electro-
phoresis, PCR products are hybridized to a known
homologous reference fragment or several refer-
ence fragments (labelled with different fluorescent
molecules). The resulting dsDNA migrate
according to their homology with the reference
strand, that is, heteroduplex is slowed by mis-
matches compared to homoduplex. The analysis
then focuses on dsDNA which have simpler pat-
terns (only one band per allele) and require shorter
migration times than for SSCP (Goldman and
Madrigal, 1997). Size discrimination techniques
may also be tricky when differences among vari-
ants are small (Table 3 Box 3) and the addition of
size standards in each lane is often useful. In the
case of microsatellites, phantom bands smaller
(but also larger) than the actual allele by one,
eventually two repeats are produced by polymer-
ase stuttering. These fragments are generally less
abundant than the actual allele, but may appear as
intense if the signal is saturated (e.g., radioactive
labeling).

Phase 4: Detection

This step determines the level and type of hazards.
Radioactivity as well as post-staining using ethi-
dium bromide or more recent dyes are potentially
mutagenic methods. Either labeling (fluorescent or
radioactive) or post-staining is used to visualize
DNA. Labeling is performed either on the primer
or by incorporation during PCR or sequencing.
Alternatively, DNA 1is stained during or after
electrophoresis with ethidium bromide, silver
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nitrate, or more recently, with several dyes more
sensitive than ethidium bromide, some of which
allow detection of ssDNA and SSCP fragments
(e.g., Gelstar from CAMBREX Inc.). Radioac-
tivity is the most sensitive, before fluorescence,
silver nitrate, Gelstar and last, ethidium bromide.
Oligonucleotide labeling is interesting (i) in RFLP,
to allow detection of small molecular weight bands
which otherwise would be much less visible than
heavier fragments (but internal fragments will not
be visualized), and (ii) when it is better to reveal
only one DNA strand (e.g., SSCP, when patterns
are too complex and some microsatellite loci, when
run in denaturing gels, since complementary frag-
ments do not perfectly comigrate). Polyacrylamide
gels are seldom post-stained in population studies
(though commonly for mutant diagnosis) though
this technique avoids the necessity of managing
decaying stocks of radioactivity, and the costs of
fluorescence technology. Except equipment cost,
fluorescence is the most convenient method.
Though this service is not as widespread as
sequencing, it is possible to send microplates of
PCR products (one primer should be fluorescent)
to private companies or technological platforms,
and pay for fragment size determination (run in
automated sequencers with internal size stan-
dards).

Methods of latest technology

High throughput methods (based or not on
microarrays) progress rapidly but their develop-
ment is biased towards diagnostic methods
revealing already identified variants such as SNPs
(Kwok and Chen, 2003). Most methods (not py-
rosequencing) require that variation is biallelic and
that the polymorphic site is surrounded by several
invariant sites. As a consequence, even when sev-
eral nuclear polymorphic sequences are known in a
species (e.g., introns; internal transcribed spacer,
ITS; rDNA; exons; ...) it may be difficult to find
SNP sites suitable to be characterized by high
throughput genotyping methods. When such loci
are identified however, a custom genotyping ser-
vice may now be proposed by industry or tech-
nological platforms, and reach competitive prices
of the order of magnitude of a euro or a dollar per
sample (in addition to the PCR cost).



Conclusion

This paper provides guidelines to choose a (set of)
MGM(s) as follows (Figure 1). First, scientists
identify the important criteria that must be ful-
filled by the MGM according to the biological
question addressed (first section, Table 1). Then,
Table 2 guides the choice of the DNA region
according to the criteria identified (level of vari-
ability, and the first four criteria of the nature of
the information). Finally, the technique is chosen
according to required features concerning the
nature of the information and practical aspects,
using Table 3 for most important choices, but also
Box 3 and Table 4 for throughput and cost ap-
praisal.
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