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The evolution of molecular markers
— just a matter of fashion?
Christian Schlötterer
In less than half a century, molecular
markers have totally changed our view of
nature, and in the process they have
evolved themselves. However, all of the
molecular methods developed over the
years to detect variation do so in one of only
three conceptually different classes of
marker: protein variants (allozymes), DNA
sequence polymorphism and DNA repeat
variation. The latest techniques promise to
provide cheap, high-throughput methods
for genotyping existing markers, but might
other traditional approaches offer better
value for some applications?

Being able to distinguish between genotypes
that are relevant to a trait of interest is a key
goal in genetics. Often, this distinction is not
based directly on the trait of interest, but
on informative marker systems. A genetic
marker provides information about allelic
variation at a given locus. The first genetic
map of Drosophila melanogaster was built by
Sturtevant using phenotypic markers1. However, since these early attempts, the advent of
molecular biology has allowed a repertoire of
genetic markers to be developed. These molecular markers have been applied to many
biological questions, ranging from gene
mapping to population genetics, PHYLOGENETIC
RECONSTRUCTION, paternity testing and forensic
applications.
Over the years, advances in molecular
biology have led to the introduction of many
new types of molecular marker. The general
view is that the rise and fall in popularity of
these different marker types (FIG. 1) reflects the
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sample sizes are typically studied in allozyme
surveys. Nevertheless, the number of informative marker loci is too small to use allozymes
for mapping and ASSOCIATION STUDIES8. Furthermore, surveys of natural variation based
on allozymes were often challenged by nonneutral evolution of some of the markers used
(see, for example, REFS 9–11).
The arrival of DNA-based markers

continuous improvement in the way in which
we assay genetic variation; that is, the latest
marker systems are the most informative ones.
Nevertheless, in reviewing the history of molecular markers and their pros and cons, I argue
that there are only a few conceptually different
classes of marker and that recently developed high-throughput methods might not be
unconditionally superior to more traditional
approaches.
Allozymes

The first true molecular markers to be established were allozymes (a term that originates
from a contraction of the phrase ‘allelic variants of enzymes’). The principle of allozyme
markers is that protein variants in enzymes can
be distinguished by native gel electrophoresis
according to differences in size and charge
caused by amino-acid substitutions. To visualize the allozyme bands, the electrophoretic gels
are treated with enzyme-specific stains that
contain substrate for the enzyme, cofactors and
an oxidized salt (for example, nitro-blue tetrazolium). Early studies that used simple starch
gel electrophoresis in humans and Drosophila
showed substantial polymorphism in natural
populations of these species2–5. This surprisingly high amount of within-population polymorphism directly led to the neutral theory of
molecular evolution, which states that most
mutations are effectively neutral6,7. This
important conceptual advance is probably the
greatest legacy of this marker system. Since
then, allozyme markers have been successfully
used in a wide range of species. Owing to their
cost effectiveness, many populations with large

One of the criticisms levelled at allozyme
markers is that they are an indirect and insensitive method of detecting variation in DNA.
A more direct molecular marker would survey DNA variation itself, rather than rely on
variations in the electrophoretic mobility of
proteins that the DNA encodes. Another
important advantage that DNA-based markers have over allozymes is that they allow the
number of mutations between different alleles
to be quantified. Given these unambiguous
advantages, the arrival of DNA manipulation
techniques promoted a shift from enzymebased to DNA-based markers.

“…the arrival of DNA
manipulation techniques
promoted a shift from
enzyme-based to
DNA-based markers.”
RFLPs. The discovery and isolation of restriction endonucleases in the 1960s by Arber,
Smith and Nathans set the grounds for a new
class of genetic marker: RESTRICTION FRAGMENT
12
LENGTH POLYMORPHISMS (RFLPs) . These markers
allowed DNA variation to be assayed because
single base substitutions in the recognition
sequence of a restriction enzyme changed
the pattern of resulting restriction fragments.
This technological improvement allowed, for
the first time, the analysis of non-coding
sequences or silent changes in a protein coding sequence, as well as the survey of changes
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in coding sequences. The first DNA-based
genetic maps and the first successful association study were based on RFLP markers13.
Furthermore, RFLP analyses of mitochondrial
DNA (mtDNA) and ribosomal DNA (rDNA)
have been used for population genetics, biogeographical surveys and phylogenetics14. The
greatest obstacle for an even wider range of
applications of RFLP analysis was the requirement for a suitable hybridization probe to
detect the polymorphism. So, despite an
almost infinite number of available markers,
technical reasons prevented their further
exploitation.

Relative popularity

Minisatellites. Similar to RFLP analysis, the
first step of minisatellite analysis also
involves digestion of genomic DNA with
restriction enzymes. Nevertheless, they represent a conceptually different class of
marker15. Minisatellites consist of tandem
repeats that frequently show length polymorphism arising from unequal crossing over or

16

. Hybridization of genomic
DNA with a minisatellite core sequence produces a bar-code-like hybridization pattern.
The extremely high polymorphism of minisatellites revolutionized the genetic identification of individuals — a technique that has
been called DNA fingerprinting17. Despite
their high polymorphism and the enormous
success of their use in forensics and paternity
testing, minisatellites were not widely used in
population genetics and genome mapping.
The complex banding pattern precluded the
assignment of alleles to a given locus. Therefore, standard population genetic analyses
could not be applied to minisatellite data. The
use of minisatellites for mapping and association studies was limited by the non-random
distribution of minisatellites on the genome.
Later, single locus minisatellites were developed18. However, as this procedure is technically challenging and most markers require
high-molecular DNA, many studies at present
rely on other PCR-based markers.
GENE CONVERSION
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The main breakthrough of DNA-based molecular markers was driven by the invention of
PCR19. For the first time, any genomic region
could be amplified and analysed in many
individuals without the requirement for
cloning or isolating large amounts of ultrapure genomic DNA.
Microsatellites. The first widespread markers
to take full advantage of PCR technology were
microsatellites20–22. Similar to minisatellites,
microsatellites are also tandemly repeated
sequences, but their repeat motifs are shorter.
With a typical repeat region that is smaller
than 100 base pairs (bp), most microsatellite
loci can be amplified by a standard PCR.
Microsatellites are highly polymorphic, abundant and fairly evenly distributed throughout
the EUCHROMATIC part of genomes. These properties have made microsatellites one of the
most popular genetic markers for mapping,
paternity testing and population genetics23.
Microsatellites probably had the largest
impact on constructing genetic maps in a
wide range of species. In human genetics, the
development of microsatellite technology was
a key step towards the subsequent positional
cloning of numerous monogenic human disease genes (see, for example, REFS 24–26). The
high sensitivity of PCR also made microsatellites the method of choice for forensics, noninvasive sampling studies and the analysis of
small social insects27.
The high mutation rate of microsatellites
allowed a more detailed analysis of their
mutation pattern. Microsatellites gain and
lose repeat units by DNA-replication slippage, a mutation mechanism that is specific
to tandemly repeated sequences28,29. However,
it quickly became clear that microsatellites
have a complex mutation pattern, which creates difficulties for populations-genetic
analyses. Furthermore, technical problems,
such as PCR artefacts (STUTTER BANDS), complicate the automated scoring of microsatellite
alleles. Finally, despite a high number of
microsatellite loci in the genomes of most
eukaryotes, the density of informative
microsatellite loci could be too low for some
mapping applications30,31.

2003

Figure 1 | Subjective view of the the changing relative importance of different molecular markers.
The horizontal axis indicates time. At each time point, the vertical axis corresponds to the total use of
molecular markers. If more than one molecular marker is used at a given time point, its relative importance
is reflected by its proportion on the vertical axis. AFLP, amplified fragment length polymorphism; RAPD,
randomly amplified polymorphic DNA; RFLP, restriction fragment length polymorphism; SNP, single
nucleotide polymorphism.
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PCR-based markers

RAPDs, ISSRs, IRAPs and AFLPs. Another
class of PCR-based markers relies on the use
of PCR primers, which can bind to multiple
sites in the genome. This can be achieved by
using either short PCR primers (RANDOMLY
32
AMPLIFIED POLYMORPHIC DNAS, RAPDs) , PCR
primers that are complementary to repetitive
elements such as microsatellites (INTER-SIMPLE33
SEQUENCE-REPEATS, ISSRs) or retrotransposons
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(INTER-RETROTRANSPOSON AMPLIFIED POLYMORPHISMS,
IRAPs)34. Alternatively, restriction fragments
could be amplified by adding linkers and
subsequent selective amplification (AMPLIFIED
35,36
FRAGMENT LENGTH POLYMORPHISMS, AFLPs)
. In
all cases, PCR amplification yields multiple
bands that show a presence/absence variation
among individuals. The principal advantage of
RAPDs, ISSRs and AFLPs is that they do not
require a priori knowledge about primer
sequences in the target species. In particular,
for species with large and/or poorly investigated genomes, AFLP analysis was successfully
used to construct genetic maps (see, for example, REFS 37–41). Nevertheless, these markers
can be unreliable. This is particularly true of
RAPDs, which have been shown to be notoriously difficult to reproduce42. Consequently,
some journals (see, for example, Molecular
Ecology in the online links box) discourage
diversity studies based on RAPDs. Whether or
not the same will apply to AFLPs remains to
be seen.
DNA-sequence polymorphism

The markers that have been discussed up to
this point have used various strategies to survey aspects of variation in the genome.
However, I argue that all marker systems discussed here assay variation in one of three
types of genetic marker: protein variants
(allozymes), DNA sequence polymorphism
(RFLPs, AFLPs) and DNA repeat variation
(minisatellites, microsatellites). So, if we look at
marker systems in this way, the use of sequence
polymorphisms as markers has been common
ever since the first RFLP studies were done,
and since then, many methods have been used
to detect DNA sequence variation (BOX 1).
So, the high-throughput methods to detect
DNA sequence polymorphisms that have
recently been developed are not a conceptual
advance: they are merely a larger-scale way of
doing things. The recent popularity of single
nucleotide polymorphisms (SNPs) has led to
an unfortunate heterogeneity in the use of the
term SNPs. Rather than following the general
trend to call all sequence variations SNPs, I
differentiate between SNPs (genotyped using
high-throughput techniques) and sequence
variants assayed through DNA sequencing.
SNPs. The main advantage of SNPs is their
high potential for an automated highthroughput analysis at moderate cost43. A
classic SNP marker focuses on a single
nucleotide position in the genome. Within a
population, however, most nucleotide positions are invariant. So, a priori information
about the presence of allelic variation at a
given genomic position is required. Various
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Box 1 | Methods for the detection of DNA sequence variation
Many methods have been developed to assay variation in DNA sequences. DNA sequencing
and high-throughput SNP genotyping are the most widely used of these methods but
there are many others. Most of these methods rely on differences in the DNA sequences
being reflected in differences in the chemical properties of the molecule. The most
common way in which a change in these properties is detected is through a difference in
electrophoretic mobility. Some of these other methods used to detect sequence variation
are described below.

Denaturing gradient gel electrophoresis
This method is based on the principle that when a double-stranded PCR fragment migrates
through a gradient of denaturing solvents, the conformation of the fragment changes to a partially
denatured form81,82. This conformation change notably reduces the mobility of the fragment,
resulting in a sequence-specific position in the gel. PCR fragments that differ in sequence have
specific denaturation conditions that allow the discrimination between sequence variants.

Temperature gradient gel electrophoresis
This method is based on the same principle as denaturing gradient gel electrophoresis, but the
denaturing gradient is achieved through a temperature gradient83.

Single-strand conformation polymorphism
This technique relies on variation in electrophoretic mobility of secondary structures formed by
single-stranded DNA fragments84,85.

Heteroduplex analysis
This method assays genetic-variation-based differences in electrophoretic mobility between
heteroduplex molecules (DNA molecules that are formed from strands from two different
alleles) and homoduplex molecules86.

PCR-RFLP, cleaved amplified polymorphic sequences
This technique is based on the principle that PCR fragments are digested with a restriction
enzyme that is sized by gel electrophoresis. As for standard restriction fragment length
polymorphisms (RFLPs), base-pair substitutions in the restriction site lead to changes in the
patterns of restriction fragments.

strategies have been pursued to identify SNPs.
The simplest approach is a screen of expressed sequence tags for polymorphic sites
(see, for example, REF. 44). The most comprehensive way to identify SNPs throughout the
genome is the generation of whole shotgun
genome sequences45, using a pool of individuals as donors for the genomic DNA to be
sequenced. A more efficient strategy is
reduced representation shotgun sequencing46,
in which only a reduced fraction of the
genome (for example, separated by size fractionation after a restriction digest) can be
sequenced for multiple individuals. All SNP
isolation strategies result in a notable bias for
various parameters, such as F , allele frequency
distribution and LINKAGE DISEQUILIBRIUM(LD)47–49.
However, recent studies have shown that this
ASCERTAINMENT BIAS can be accounted for in a
range of conditions47–49.
In addition to fine mapping, SNPs hold
great promise for LD mapping of complex
genetic traits. The most ambitious and
highly-debated project is the SNP-based construction of a haplotype map of the human
genome (HapMap). In addition to LD mapping studies, SNPs are also useful for the
inference of past demographic events, such as
ST

population expansion or ADMIXTURE50. Apart
from the ascertainment problem of SNPs, this
genetic marker system also suffers from other
shortcomings. First, as they are usually biallelic,
the information content of a single SNP is
limited, particularly if one of the two alleles
occurs at a low frequency. Second, the development of a set of SNP markers is time- and
cost-intensive. Third, SNPs might be located
at hypermutable sites51, which violates the
assumption that they are biallelic — often
made when analysing SNPs for populationgenetics purposes48. In fact, often more than
two alleles are observed for a single SNP (for
example, >7% were observed for Drosophila52).
However, it should be noted that several
methods for estimating population parameters, such as migration and recombination,
that take multiple hits into account53–55, could
also be applied to SNPs.
DNA sequencing. Sequence determination for
a given genomic region in multiple individuals
(often referred to as ‘resequencing’ in human
population studies) provides the most finegrained genetic information. Despite not
being a marker in the narrow sense, DNAsequence analysis should also be included in
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this discussion: it has a long-standing history
in population genetics and has been frequently
used to infer selection and demographic patterns. The first sequencing studies pre-date
the PCR era and were based on the Adh region
that was cloned from 11 D. melanogaster
individuals56. Since the arrival of PCR, the
number of sequence surveys has continuously increased. Although this method was
initially time-consuming and expensive,
recent advances in sequencing technology
permit sequence analysis of many DNA
fragments for many individuals51–53. In comparison to SNPs, DNA sequencing offers
the advantage of no ascertainment bias.
Furthermore, DNA sequencing provides
complete information from the analysed
region. The trade-off is that invariant sites are
also needlessly sequenced. For species with
low polymorphism, sequencing a large fraction of invariant sites might seem uneconomic, but given appropriate analysis tools,
the pattern of invariant sites could be informative49. One further advantage of DNA
sequences is that the analytical framework for
demographic analyses and neutrality tests is
already well-developed57.

Marker choice — facts or fashion?

Early studies using molecular markers were
heavily influenced by the availability of
methods and laboratory equipment. Today,
however, the situation has changed markedly.
For a large range of genetic model organisms,
the full repertoire of genetic markers is available. For non-model organisms, however,
markers still need to be developed. Both
marker development and analysis can be easily out-sourced if the required equipment is
not available in a particular laboratory, so the
decision of which marker to use should primarily be made on the basis of objective
grounds. The strengths and weaknesses of
different markers are summarized in TABLE 1
and are discussed below.
Inference of demographic processes. Studies of
natural populations have recently moved
away from the purely descriptive analysis of
amounts of variability and genetic differentiation to more sophisticated analyses that are
used to attempt to infer the demographic past
(see, for example, REFS 58–64). As these methods rely on the allele distribution, they need
to account for new mutations and possible

Table 1 | Comparison of different molecular markers
Marker

Advantages

Disadvantages

SNPs

• Low mutation rate
• High abundance
• Easy to type
• New analytical approaches are
being developed at present
• Cross-study comparisons
are easy; data repositories
already exist

• Substantial rate heterogeneity
among sites
• Expensive to isolate
• Ascertainment bias
• Low information content
of a single SNP

Microsatellites

• Highly informative (large number
of alleles, high heterozygosity)
• Low ascertainment bias
• Easy to isolate

• High mutation rate
• Complex mutation
behaviour
• Not abundant enough
• Difficult to automate
• Cross-study comparisons
require special preparation

Allozymes

• Cheap
• Universal protocols

• Requirement for fresh
or frozen material
• Some loci show protein
instability
• Limited number of available
markers
• Potentially direct target
of selection

RAPDs and
derivatives

• Cheap
• Produces a large number of
bands, which can then be
further characterized individually
(for example, converted into
single locus markers)

• Low reproducibility
• Mainly dominant
• Difficult to analyse
• Difficult to automate
• Cross-study comparisons
are difficult

DNA sequencing

• Highest level of resolution
possible
• Not biased
• Cross-study comparisons are
easy; data repositories
already exist

• Still significantly more
expensive than the other
techniques

RAPD, randomly amplified polymorphc DNA; SNP, single nucleotide polymorphism.
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ascertainment biases. The high mutation
rate of microsatellites could be used to infer
past demographic events58–61, but uncertainty
about mutation rates and pattern greatly complicate the analysis28,29. SNP-based approaches
heavily depend on an appropriate correction
for the ascertainment bias47–49. Unfortunately,
direct comparisons of both markers using the
available repertoire of analytical approaches
are still scarce, so, at present, it is not clear
which marker is most useful for the inference
of demographic processes. Nevertheless, the
safest approach for estimates of demographic
history is DNA sequencing of multiple
genomic regions.
Paternity testing and forensics. Both forensic
applications and paternity testing require
informative and reliable markers. SNPs and
microsatellites are two excellent choices.
Although SNPs might be preferable for routine
applications, owing to their higher automation
potential, the use of microsatellites is advised
for non-model-organism studies, as their isolation is easier and a smaller number of loci are
required, owing to the higher information
content of a single marker 65.
Association studies. Mapping studies require a
large number of markers distributed over the
genome. For experimental crosses, AFLPs,
microsatellites and SNPs are good markers,
and the choice of marker will largely depend
on the scale of the study and availability of
markers. LD mapping is a highly promising
mapping strategy that searches in a population
sample for an association between a diseasecausing locus and a marker. Interestingly, in
most instances in which LD has been used
successfully, strong linkage and LD were
detected using microsatellites. This is consistent with the decision of several researchers to
switch from SNP-based LD mapping back to
microsatellite-based mapping66. Also, theoretical studies indicate that microsatellites are
much more powerful than SNPs, even if more
SNPs are analysed67.
Hitchhiking mapping. In the wake of the recent
genome projects, it has become feasible to perform genome-wide screens for chromosomal
regions that bear the signature of selection68.
Most of these hitchhiking mapping studies
compared microsatellite variability across
the genome to identify putative targets of
selection (see, for example, REFS 69–71). Two of
these studies were able to verify the non-neutral evolution of the identified regions by
DNA-sequence analysis72,73. Similarly, candidate regions were also identified by a
recent SNP genome scan74. The analysis of
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“To evaluate the usefulness
of SNPs in non-model
organisms, it is necessary to
consider the investment in
marker development, as well
as the SNP-typing costs.”

amounts of variability (such as humans),
many PCR products need to be sequenced
before a SNP is detected.
One essential question, therefore, is whether the cost-effectiveness of high-throughput
SNP assays can compensate for the higher costs
of SNP-marker isolation. Many studies in nonmodel organisms, particularly in conservationgenetic studies, involve only small to moderate
sample sizes, which render microsatellites a
more cost-effective marker.

all available SNPs for two loci known to be
selected showed that even selection events
that did not result in the fixation of the
selected allele could be detected when a large
number of loci and individuals are used75.

The future of molecular markers

Non-model organisms. Despite a steadily
increasing number of completed genomes
(even including non-classic model organisms,
such as the honey bee and dog), it is clear that
for a large number of species, the closest relative with a sequenced genome will always be
too distantly related to take advantage of it for
marker development. So, the decision of
which marker to use will be heavily biased by
the costs of marker development. In comparison to microsatellites, two- to four-times as
many SNPs are required to obtain comparable results for mapping and identification of
individuals76,77. Consequently, the accuracy of
a microsatellite-based genetic map is higher
compared with a map based on the same
number of SNP markers78. To evaluate the
usefulness of SNPs in non-model organisms,
it is therefore necessary to consider the investment in marker development, as well as the
SNP-typing costs.
Microsatellites are obtained from a
genomic library by screening for the presence
of a microsatellite motif in the clones. Once
isolated, a microsatellite above a certain repeat
number can be assumed to be polymorphic79.
Isolation of SNPs, however, requires the identification of polymorphic sites in a set of
sequences. To do this, homologous regions
must be sequenced from multiple chromosomes: not a straightforward task if the starting point is a clone library. The amount of
sequencing required depends on the SNP isolation approach. Either the homologous
sequence must be sequenced from an independent clone (the probability of doing so
for two independent libraries is small and
depends on the success of enrichment for
similar sequences). Alternatively, an anonymous DNA region could be isolated and used
to construct PCR primers. These would be
used to amplify the homologous region,
which is subsequently sequenced for the
identification of SNPs. In species with low
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All genetic markers depend crucially on the
underlying mutation processes that generate
variation. These processes are complex and
still poorly understood — irrespective of
which marker is studied. The trade-off is
either to ignore the complexity of the mutation process by using an approximate mutation model (for example, microsatellites) or
to neglect rate heterogeneity and recurrent
mutations (for example, SNPs). Of course, in
both cases it is possible to generate more
complex and realistic models from the data.
For SNPs, this would mean that parameters
for each SNP would need to be estimated, as

their mutation rate could differ by orders of
magnitude. I suggest that for most applications, it will be better to allow some model
violations rather than to attempt to estimate
complex models from the data.
For most biological questions that are
addressed, the strategy that is used will not
matter too much — particularly if a larger
number of loci is used. It is more important
to avoid systematic bias in the data. DNA
sequencing is, therefore, the preferred choice
for most marker applications that attempt to
characterize existing variation in populations.
In particular, when advances in sequencing
technology further reduce the costs and
increase the throughput, DNA-sequence
analysis will gradually replace traditional
markers in population surveys. Technical
improvements that provide information
about the phase of mutations (that is, the
assignment of alleles to the two homologous
chromosomes), are highly desirable80.
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Glossary
AMPLIFIED FRAGMENT LENGTH POLYMORPHISM

INTER-RETROTRANSPOSON AMPLIFIED POLYMORPHISM

(AFLP). This marker system uses DNA fragments that are
ligated to complementary adaptor oligonucleotides and
subsequent rounds of PCR amplification using primers
that are complementary to the adaptor sequences. The
multiple rounds of amplification reduce the complexity
of the PCR product population so that the amplified
fragments can be easily resolved by gel electrophoresis.

(IRAP). DNA fragments found between adjacent,
oppositely oriented retrotransposons, amplified through
PCR, separated by gel electrophoresis and scored for the
presence or absence of fragments.
INTER-SIMPLE-SEQUENCE-REPEAT

Gene flow between differentiated populations.

(ISSR). DNA fragments found between adjacent,
oppositely oriented microsatellites, amplified through
PCR, separated by gel electrophoresis and scored for the
presence or absence of fragments.

ASCERTAINMENT BIAS

LINKAGE DISEQUILIBRIUM

Systematic bias introduced by the criteria used to select
individuals and/or loci in which genetic variation is
assayed; a pronounced problem for single nucleotide
polymorphism (SNP) and restriction fragment length
polymorphism (RFLP) analyses.

Haplotype frequencies in a population that differ from
expectations based on a random combination of alleles
at each locus.

ADMIXTURE

ASSOCIATION STUDY

A study that aims to identify the joint occurrence of
two genetically encoded characteristics in a population.
Often, an association between a genetic marker and a
phenotype (disease) is assessed.

PHYLOGENETIC RECONSTRUCTION

Attempt to reconstruct the ancestral relationship among
species or populations.
RANDOMLY AMPLIFIED POLYMORPHIC DNA

(RAPD). A marker system that relies on the use of short
PCR primers.

EUCHROMATIN

RESTRICTION FRAGMENT LENGTH POLYMORPHISM

Part of an interphase chromosome that stains diffusely;
less condensed than the heterochromatin.
FST

(RFLP). A fragment length variant that is generated
through the presence/absence of a restriction enzyme
recognition site. Restriction sites could be gained/lost by
base substitutions, insertions or deletions.

Wright’s among-population fixation index. A measure of
the extent of population subdivision.

STUTTER BANDS

GENE CONVERSION

Non-reciprocal exchange of genetic material among
chromosomes.

Artifacts that occur by DNA-replication slippage
during the PCR amplification of microsatellites.
Most stutter bands are shorter than the actual
microsatellite allele.
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