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Introduction
It has been widely recognized that loss of genetic diversity is a major threat for the
maintenance of the adaptive potential of the species. To preserve and manage this
genetic diversity, the ability to identify genetic variation is extremely important. Characterization of diversity has long been based on morphological traits mainly. However, morphological variation is often affected
environmental conditions. Molecular
markers avoid many of the complications of environmental effects and for this reason,
molecular genetic techniques are nowadays being applied as a complementary strategy to traditional approaches for characterizing genetic resources for in situ and ex situ
conservation.
Due to the recent developments in the field of molecular genetics, a
of difThese geferent techniques to analyze genetic variation has emerged (GILLET
netic markers may differ with respect to important features, such as, for example,
abundance, level of polymorphism detected, reproducibility, technical requirements
and costs. Therefore, none of the available techniques is superior to all others for a
wide range of applications, but the key-question is rather which marker for which
purpose (GILLET
The choice of the most appropriate genetic marker will depend
on many factors, e.g., the specific application, the presumed level of polymorphism,
the availability of sufficient technical facilities, the efficiency in terms of costs and
time.
Molecular markers are not genes in the dassical sense; they may
but often do
not have,
function. Molecular markers arise through mutations, which originates variation in the DNA, often deleterious for the organism. Therefore, markers are
mostly found in DNA with no coding/biological function. It follows that molecular
n,arkers are better
of as constant landmarks in the genome. In addition, in
order for markers to be useful for conservation genetics, there must be some degree of
or polymorphism, at the marker locus. It is just
to keep in mind
that the variation at molecular level is not necessarily linked to variation with URHV,l",r
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cal function.
Reliable information on the distribution of genetic variation is a prerequisite for
selection, breeding and conservation programmes for forest trees. Genetic variation of
a species is assessed either by measuring morphological and metric characters in the
field or by studying molecular markers in the laboratory. Laboratory techniques have,
until recently, relied on estimates of genetic diversity and mating system parameters
from population surveys using isoenzymes. Isoenzymes continue to provide a relatively simple and inexpensive method of obtaining genetic information. However,
their application is limited by the number of enzyme loci (in general low), their relatively low levels of variability, and the fact that they only reveal variation in proteincoding genes and that only a minor proportion of modifications of the quaternary
structure of the proteins can be detected by electrophoresis on starch gel (the technique generally used to screen isoenzyme variation). The development of DNA markers, including RFLPs (Restriction Fragment Length Polymorphism), VNTR (Variable
Number of Tandem Repeats or minisatellites), SSRs (Simple Sequence Repeats or
microsatellites), RAPDs (Random Amplified Polymorphic DNA), AFLPs (Amplified
Fragment Length Polymorphism), SSCP (Single Stranded Conformation Polymorphism) and SNPs (Single Nucleotide Polymorphism), has overcome limitations on the
number of variable loci and provided the tools to study variation in coding, non-coding, and highly variable regions of both nuclear or organelle (chloroplast and mitochondrial) genomes.
Since the advent of recombinant DNA technology in population genetics in the
mid-1980's, the number of genetic markers available for population genetic studies of
forest tree species has increased enormously. In order to appreciate this fact, it is interesting to consider the history of genetic marker development in forest genetics. Until
the beginning of the 1970's, the only genetic markers available in tree species were the
rare morphological traits that could be shown to be controlled by alleles at a single
gene locus, such as, for example, the aurea phenotype in Norway spruce (LANGNER
1953). Early attempts to interpret the relative or absolute quantities of the different
monoterpenes in the resin of conifer trees (measured using gas chromatography) as
genetic markers remained inconclusive due to difficulties in determining mode of
inheritance and the probable dependence of their expression on environmental conditions (especially pathogen stress) (HANNOVER 1992, BARADAT et al. 1995). It was not
until the early 1970's, when BARTELS (1971a and b) and BERGMANN (1973, 1974a and b,
1975a and b, 1978) developed enzyme electrophoresis for Norway spruce (Picea abies
(L.) Karst.), which direct products of tree DNA were made accessible also in forest
trees. Inheritance analysis of the resulting banding patterns enabled inference of their
mode of inheritance and, consequently, allowed them to be used as genetic markers.

Genetic markers: characteristics, advantages and disadvantages
Morphological genetic markers were the first markers to be used in studies of inheritance and phylogenetic relationships, simply because it is possible to observe the
marker directly expressed in the organism. The molecular markers traditionally used
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Figure 1. Summary of the basic studies on inheritance of morphological traits of Pisum sativum
performed by Gregor Mendel [from PURVES et al. (1998), © Sinauer Associates, reproduced with
kind permission].

in genetic studies vary in a discrete manner: an example was the basic studies of inheritance performed by Gregor Mendel made on different easily and certainly recognizable traits in Pisum sativum L.
Examples of these traits are seed shape, seed colour, pod shape, flower colour, pod
colour, flower position and stem height (Fig. 1).
Another well-known example of a morphological genetic marker is eye color in
humans. However, most morphological traits in organisms are influenced by the environment and controlled by many genes, and therefore not suitable as genetic markers.
For example, height and diameter of trees are dependent on many genes and much
influenced by the growing site. In general, morphological markers that display Mendelian inheritance are rare in trees.
Morphological markers are difficult to use in forest genetics for the following reasons:
• they are often recessive in nature, therefore heterozygotes are not identifiable;
• they are generally mutations and they often confer a deleterious phenotype to the
organism, therefore decreasing the fitness;
• they may also exhibit epistatic effects (interaction between genes), or pleiotrophy,
or incomplete penetrance, or their expression may be affected by environmental
conditions;
• they may confer a phenotype that is only apparent at one stage of an organism's
development, e.g., at maturity; a relevant problem in forest trees characterized by
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very long (also 500 years) life cycle phases.
Genotype/ environment interaction is often observed in morphological markers.
Because of these difficulties with morphological markers, it has been desirable to
develop other kinds of markers. Ideal markers should have the following characteristics:
.. co-dominant expression;
.. expression in an easily accessible tissue;
., complete penetrance;
®
high polymorphism;
" random distribution throughout the genome;
., high reproducibility and transferability among laboratories;
" ease of detection (no requirement of specific highly expensive equipments);
" detectable by the same method as many other markers, so that the process could be
automated.
No molecular markers that fulfill all these criteria are available yet. The choice of
the markers is strongly dependent on the specific objective of the study to be undertaken. Molecular markers can be used in forest populations and conservation genetics
in many different ways, summarized as follows:
.. Description and monitoring of genetic diversity: the inventory of diversity is a
necessary step before approaching the dynamics of diversity. The monitoring can
be done at different geographic and spatial scales and address both neutral and
adaptive traits.
.. Identification of the key factors shaping the genetic diversity. This can be achieved
following two main approaches: the study of past factors by addressing post-glacial history, and the analysis of current and future factors by studying mating system, gene flow and colonization dynamics .
., Genetic linkage mapping, quantitative trait loci analysis (QTL) and marker assisted
selection (MAS) (more iInportant in the field of genetic improvement, but useful
also in the specific field of population and conservation genetics).
.. Certification purposes (origin of provenances, wood and propagation material).

Isoenzymes
Isoenzymes were first identified about 1950 and were then a great advance for population genetic studies of forest trees due to the very limited availability of morphological
traits. Isoenzymes are multiple molecular forms of an enzyme with similar or identical
catalytic activities. Different individuals and/or different populations of the same
species can have different molecular structures, which can be detected, at least partly,
by gel electrophoresis. Isoenzymes are efficient molecular markers, with the main
exception that the number of isoenzyme loci that can be identified is very limited,
because of the detection system (enzyme assays generally performed on a
starch gel, a lmv-resolution system). Further, assay methods are different from those
used for other DNA markers. In addition, there is lower allelic
as there is
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for DNA markers. An advantage of isoenzymes is that they are co-dominant in nature.
Furthermore; they can be easily transferred and used in all different species (therefore,
they can be considered 'universal' markers).
Isoenzymes were used to produce the first inventories of the distribution of genetic
diversity in many European forest tree species. They showed their usefulness to describe migration processes in the post-glacial period; as for example in Norway spruce
(Picea abies) (LAGERCRANTZ & RYMAN 1990, MORGANTE & VENDRAMIN 1991), silver fir
(Abies alba MilL) (KONNERT & BERGMAN 1995); beech (Fagus sylvatica L.) (GOMORY et al.
1998; COMPS et al. 2001). The first studies aiming at the estimation of the mating system parameters were also performed using isoenzyme and revealed that generally
forest tree species have high outcrossing rates (higher than 90 %; e.g., in Norway
spruce, BOSCHERINI et al. 1993, and in beech, ROSSI et al. 1996). Inheritance of all the
studied isoenzyme loci was previously determined by analyzing the haploid; maternal
megagametophyte tissue of the conifers or in full-sib and half sib families of angiosperm species.
HAMRICK and GODT (1990) produced the most comprehensive review of plant
isoenzyme literature, which provided many insights into population structure and
breeding systems. They used data from about 322 woody taxa to measure genetic diversity within species, and within and among populations, of plants. Life history and
ecological traits explain a significant proportion of the total variation among and within species. Geographic range accounted for the larger proportion of variation at the
species level. At the population level (variation within species), the plant breeding
system in combination with the geographic range is the major factor contributing to
the total variation. Woody plants with large distribution ranges, outcrossing breeding
system and wind or animal ingested seed dispersal mechanisms are generally characterised by higher level of diversity compared to species having other combination of
traits.

RFLPs (Restriction Fragment Length Polymorphism)

When it was first shown that DNA was the genetic material, and that it functions
encoding proteins, it was assumed that genes were packed next to each other, without
spacing; and that every single base pair was critical. However, as shown later, only a
small fraction of eukaryotic DNA encodes proteins. Large regions of DNA within and
between genes can undergo mutation with no phenotypic effect. Mutations in such
regions that occurred in ancestors are transmitted to the progeny just as reliably as are
mutations in coding regions. Such detailed knowledge of gene structure became possible only with the development of a series of molecular techniques; beginning with the
1970 discovery of a group of bacterial proteins called restriction enzymes (REs). Evolved
bacteria as protection against DNA-containing
different REs bind to
different specific DNA sequences and cleave both strands of the double helix within
these sequences, In a fundamental paper, BOTSTEIN et al. (1980) took this idea further.
proposed that it
to be possible to make a human genetic linkage map
based on DNA polymorphisms. The initial type of DNA marker examined for this
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purpose, which involved the use of REs to cut DNA into fragments, was called restriction fragment length polymorphism (RFLP). RFLPs are homologous pieces of DNA
that vary in length after being cleaved with restriction enzymes (REs).
The technique originally used to detect an RFLP is Southern blot analysis (Fig. 1).
The main steps of the technique can be summarized as follows:
.. Isolation of DNA. This can be a laborious step because the DNA must be of high
purity and of relative large quantity;
., Digestion of the DNA with one or more restriction enzymes. A restriction enzyme
binds to DNA wherever it finds a specific 4 to 7 base pair sequence and cleaves the
molecule at a specific site in the sequence;
ID
Electrophoresis of the DNA on an agarose or polyacrylamide gel to separate fragments according to size. An electrical charge is applied to the gel, with the positive
charge at the bottom and the negative charge at the top. Because DNA has a slightly negative charge, the pieces of DNA migrate toward the positive electrode. The
smaller pieces of DNA moves more quickly through the gel, so that a range of pieces of DNA will be distributed throughout the lane;
ID
Denaturation of DNA (break of hydrogen bonds, production of single stranded
DNA);
.. Transfer of the single-stranded DNA fragments from the gel to a solid surface, i.e. a
nitrocellulose or nylon membrane;
" Preparation of a probe. A piece of DNA (clone) is selected to be a probe. Nicks are
introduced into one strand of the clone DNA Nucleotides and DNA polymerase
are added in solution to the nicked DNA. The polymerase repairs the clone DNA
starting at the nicked sites, using the added nucleotides, one type of which is radioactive. Other labelling systems are also available. The probe is denaturated by heating: it hybridizes, or binds, only to fragments that bear a complementary sequence
of bases. The probe can be any piece of DNA It can be used efficiently in genetic
analysis only if it detects single copy sequences. Frequently probes have been chosen from complementary (c)DNA libraries. cDNAs are made from mRNA and in
some cases code for single copy genes;
., Soak the membrane in solution with the labelled probe (since few years ago, radioactively labelled probes: now, alternative approaches are available). The solution is
maintained at a temperature where the probe will only bind (hydrogen bonds) to
sequences on the membrane that have a high degree of complementarity. The specificity of binding can be manipulated using temperature and salt concentration;
" Wash off the no hybridized material;
.. Autoradiography to detect bands through exposition of the membrane to X-ray
film (in the case of radioactive labelling). Only fragments complementary to the
labelled probe will be observable, since they are radioactive (detectable bands on
the film).
The observed variation is due to heritable differences in the DNA For example,
point mutations cal1create or abolish endonudeasesites, while DNA reatrangements,
or deletions can alter their relative positions.
Another possible approach to detect RFLP variation consists in the amplification
via
Chain Reaction
& FALOONA
of some specific re
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Molecular
gians of the genome and then in cutting them with restriction enzymes
In this
case, probes do not need to be used: few fragments are generated; easily detectable on
an agarose or polyacrylamide gel
resolution). This
(PCR-RFLP) can
be easily applied to the organelle genomes (chloroplast,
and mitochondrial,
mt-DNA) that, because of their
copy number and their small size in combination
with the availability of 'consensus' primers
GRIVET et aL
are very suitable
for PCR-RFLP
Chloraplast and mitochondrial genomes are both generally
uniparentally inherited in trees (cp-genome paternally inherited in most conifers and
maternally inherited in angiosperms, while mt-genome is
inherited in both
conifer and angiosperm species). The contrasting mode of inheritance
a
ue opportunity to trace both maternal and paternal lineages. Population genetic studies in conifers based on the use of mitochondrial markers revealed a more pronounced
differentiation among populations than using chloroplast and nuclear markers, as
expected considering that seed
is much i'Tiore limited than pollen dispersal.

1) Isolate DI'lA Irom trees

2) Digest DNA with RE

3) Elektmphorese

!
=---I
~~

5) Soak membrane with radioaclive probe anti
delec! bands by x-ray film

~

4) Denaturation and Iransler
of "sDNA to membrane

.---------

Figure 2. Schematic presentation of the principles used in RFLP markers. (1) Isolation of DI'-JA from
individuals to be tested. (2)
of the DNA with one or more restriction enzymes
(3)
Electrophoresis of the DNA on an agarose
to
The DT'\U\ is loaded "rith each
sample in a separate lane.,
Denaturation of the DNA to
DNA by heat and
transfer of the single-stranded
from the gel to a membra:r,e.
Soak the membrane
in solution with a
that other labelling systems are now available, e.g., DIG
labelled
bands by use of aULV< aU.LU1',> CJ.il-'J.
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Based on a large set of data, relevant factors determining the actual distribution of
diversity within and among species were identified: i) the location of glacial refugia in
the Italian, Iberian and Balkan peninsula and the impact of the resulting migration
processes and migration routes; the role of life history traits
particular the mechanisms of seed and pollen dispersion), and
the influence of human activities on the
different species. A common migration history of different forest tree species was observed and common phylogeographic patterns among species were identified (PETIT et
al. 2003).
RFLPs were also used for the identification of individuals and clones (RFLP in repetitive nuclear DNA) and for linkage mapping purpose (RFLP in single or low copy
In
the number of studies dealing with conservation and population
genetics of trees using nuclear single or low copy RFLPs is quite limited, probably
because of the advent of the less time consuming and more efficient PCR technique.
On the other hand, application of the PCR-RFLP technique in regions of the cp- and
mt-genomes, mainly for phylogeographic studies, is still commonly used also because
of the difficulty of detecting variation in these genomes via PCR
One of the few
the study of SPERISEN et al. (2001) in Norway spruce, in
exceptions is represented
which length variation by PCR due to the presence of minisatellite regions in the mitochondrial genome was detected. The geographic distribution of the different lineages
reflects the history of this species during the last glaciation and in the post-glacial period (SPERISEN et al. 2001).
Advantages:
'" highly polymorphic - many alleles may be present in a population for a single locus;
., co-dominant inheritance (RFLP of the nuclear genome);
" many loci can be established;
" highly reproducible between laboratories;
., high discriminating power at the individual and population level.
Disadvantages:
.. The technique is laborious, thTle-consuming and relative expensive, also because
generally it requires Southern hybridization, even if not so much in routine any
l'l'lore for detecting and screening polymorphism throughout entire populations or
ranges. For this reason it has been almost all completely replaced by PCR based approaches: nevertheless, Southern hybridization has still some importance e.g., for
libraries, for detecting gene families or
detecting micro satellite loci from
for an unambiguous identification or proof of the presence of a transgene;
'l/J
usually, but not necessarily, uses isotopes (see comments above).

llNTRs

NumbeyafTandem

-lv1inisatellites

A major form of
polymorphism that can occur in non-coding
of DNA
is the variable tandem repetition of DNA sequences. The DI,JA sequence varies at each
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individual locus, and there can be thousands of repeats at a locus. The
tend to
be GC-rich and ~9-40 base
in length. There can be many alleles (alleles aTe differby the numbers of repeats) at each of these loci because the number of repeats
present can vary
due to loss or
of repeats over
time. These
loci are called 'minisatellites' and are defined
because
generally
display very
These loci are also called Variable Number of Tandem Repeats
Because of their size,
are usually detected by digestion of
the genomic DNA
restriction enzymes followed
hybridization with a locus-specific radioactive
(other
are novl/
see comment
just as with an RFLP
JEFFREYS et al.
discovered that a 33 bp repetitive minisatellite had a great deal
of sequence homology with minisatellite sequences located elsewhere in the genome.
It turns out that many repeated sequences have evolved from a common ancestral core
sequence or set of core sequences.
each hypervariable locus has some sequence
homology with many other loci. This can be demonstrated by using any such locus as
conditions such that the probe act
, detecta probe under
ing any sequence with sufficient sequence similarity to allovl
the closer
the match in sequence betvveen
and core sequence, the more likely the detection
of many other hypervariable loci in the genome. Such probes are called multi-locus
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probes (MLPs), because they detect many hypervariable regions simultaneously.
These probes typically detect between 15 and 20 variable DNA fragments larger than
3.5 kb per individual, plus many smaller bands. DNA fingerprinting can be based on
the use of these MLPs.
VNTR markers have been widely used in humans for mapping and fingerprinting.
They have been used to a limited degree in plants for fingerprinting. However, their
homology to plant sequences is not high and they have not been successfully developed for use in mapping.
These markers can also be detected by Southern blot analysis: the main advantage
is that they display co-dominant inheritance. Of course, in this case all the disadvantages of RFLP are present. On the other hand, minisatellites tend to be much more
polymorphic than RFLPs but for this specific reason, these markers may be more difficult to analyze (higher resolution required). This marker type has been widely used in
forensic analysis.
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Figure 4. Microsatellites (SSRs) consist of segments of DNA containing tandem
of a short
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using primers designed to match unique sequences flanking the tandem
repeat. The peR makes a large number of copies of the microsatellite sequence, which aiterwards
can be
on a gel.
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Microsatellites

Microsatellites are a type of DNA marker, which are considered ideal for individual
genotyping and studies of gene flow in forest trees. IvHcrosatellites, or simple sequence
repeats (SSRs), consist of segments of DNA
numerous tandem repeats of a
short 'motif' sequence, usually of one to six bases (e.g., ATATATAT ... in Fig.
They
are detected by polymerase chain reaction (peR) amplification, using primers designed to match unique sequences flanking the tandem repeat The peR process
makes a large number of copies of the target DNA segment containing the microsatellite sequence (Fig. 4).
The utility of microsatellites is due to their high variability, together with the ability to semi-automate their analysis and scoring. Microsatellites are co-dominant markers (therefore heterozygotes can be distinguished from homo zygotes) and consequently they are more informative for genotyping individuals and for linkage mapping than dominant markers such as RAPDs and AFLPs (see below). However, the
number of micro satellite sequences in the genome is relatively limited (at least, it is
not easy to identify and characterize microsatellite markers), restricting their use for
mapping when compared with the potentially unlimited number of RFLP, RAPD and
AFLP loci. It should be stressed that the use of different kind of markers is extremely
useful to obtain highly saturated maps. Other limitations to their use are mainly the
effort and expense required for their development and secondly, evidence that their
flanking sequences may not be highly conserved across species in some genera so that
markers are not transferable across more distantly related species (ECHT et al. 1996,
KARHU et al. 1999). In population studies, the high variability detected within populaHons using microsatellites may in fact reduce the power to detect differences among
populations. Due to the extremely high level of variation, caution must therefore be
taken on the application of statistical procedures developed for less variable markers
(i.e,. isoenzymes) to micro satellite data (HEDRICK 1999).
Microsatellites were first developed for use in the human genome
& :MAY
1989) and were then widely investigated in plants later on
1993). Microsatellites are generally identified
using two different approaches. The
first approach is used in species where a great deal of sequencing data is available.
Database searches of sequences can be performed and primers in the flanking regions
of the repeat stretch can be designed. In the second approach, library construction,
hybridization, and sequencing work is required. Different methods have been used for
an efficient isolation of microsatellites from the genome of forest tree species. These
species have generally (in particular, conifer species)
and large genome Sf in
which the fraction represented
repeated elements is
and SSR stretches are liketo fall into this portion of the chromosomes, Therefore there was the need for methods that allow an efficient recovery of microsatellite markers from DNA libraries. After the first attempts with non-enriched libraries, that resulted in a low percent of positive clones and of
markers
19 % of
SSRs in '·,!rH·UT""
spruce; PFEIFFER et al. 1997) the requirement of the enrichment of libraries for positive,
micro satellite-containing dones, was addressed (EDWARDS et al.
TENZER et al.
PASTORELLI et al. 2003, SEBASTIANI et al. 2004).
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Dinucleotide
CA or TA) are the most important in terms of information content and genome prevalence. A
relationship between
of the
repeat size and level of variation was observed: the
ase slips and adds an additional dinucleotide when
a
sequence is
higher. As a result, the probability that one individual will be heterozygous for that
marker is high. On the other
this characteristic also makes it more
that the
in the peR reactions will slip as
in 'stutter bands',
therefore more difficult the
of SSRs amplification pattern. Trinucleotide
and tetranudeotide repeats Ln plants are less frequent than the dinucleotides, but now
many are available: these
of SSRs tend to have fev/er
associated 'with
stutter. In general;
stretches tend to display
level of variation:
the observation that most microsateHite arrays are shorter than a few tens of repeats
units strongly suggests that there must be size constraints restricting the expansion of
repeat arrays
& VVEISING
SCOTTI et al.
reported a significant correlation between the level of polymorphism and the length of the microsatellites in Norway spruce: moreover! they observed that the level of variation for ATe trinucleotide
markers in this species was lower than those for dinudeotides. Similarly, a positive
and significant
between
of
microsatellHe stretches and
level of
was observed by DEGUILLOUX et al. (2004).
Originally microsateHite markers were used for genetic
and as a diagnostic tool to detect hUH(]an disease (I'v1uRR/.I,Y et a!.
Also in forest trees,
have
been used as co-dominant anchor
oak: BARl~ENECHE et
al.
spruce: PAGUA et al.
beech: SCALFI et al.
At the individual
level, SSRs are furthermore reported to have potential to
respectively (LEFORT et al.
GorJIEZ et al.
Most frequently, microsatelstudies. Microsatellites are excellent marklites are used in population and
ers for
gene
effective
and dispersal proand relatedness
STREIFF et al. 1999,
The usually
nUlTlbers of aHeles per locus allows par~
with extremely
exclusion percentages. For exarnple, using
six SSR loci STREIFF et al.
reached an exdusion
of about 99.9 in oak:
similarly in beech using
in
Microsatellites can
into the genetic structure of natural
tions in species with little or no
variation. Using micro satellites from the
genome EO-IT et al.
were able to deted variation among
of Pinus resinosa
a forest tree species with little morphological
aHozyme and very limited RAPD variation.
Nuclear micro satellite
in combination lNith the development and
tion of a new statistical test, alluwed the identification of the origin of some Pinus
Ait. populations
et al.
The test can
be
to
all other forest
that tile micro satellite information is available and
that the distribution curves of haplotype frequencies do not
A cOl'l'lbination of microsatellites with other Il1.arkers aimed at a differential display
of the distribution of genetic
arnong and within
different
drivers
the variability of the different markers. Comparing

the distribution of diversity using allozymes and various DNA markers including
microsatellites with that of an adaptive morphological trait in Scots pine populations,
KARHU et aL
however, did not find any correlation. The conclusion is that
microsatellites significantly contributed to increase
about stochastic aspects but so far not about population processes
selection or adaptation.
At the species
MUIR et al.
demonstrated a
result with
microsatellites indicating the species status of commonly hybridizing
rabur L.
and
petraea (Matt.) Liebl.
Although micro satellites are assumed to be evolutionary neutral markers, some
of SSRs were obtained
et al.
evidences of possible functional significance of a
2002). SSRs may influence:
chromatin
in particular a) chromosomal
organisation b) DNA structure (SSRs may form a variety of unusual DNA structures
and therefore affect gene
and replication) c) centromere organisation (repeated sequences are frequent in the centromeric region of the chromosomes); (2) regulation of DNA metabolic processes, in particular a) recombination (SSRs represents
also hot spot for recombination) b) DNA replication and enzyme controlling cell cycle;
regulation of gene activity, in particular a) transcription (SSRs located in promoters
may influence gene activity b) gene expression (for example, some genes can only be
expressed at a specific repeat number of SSRs) c) genetic disorders (for example, 14
neurological disorders result from the expansion of unstable tri-SSRs) d) translation
and e) protein banding (SSRs may serve as binding sites for some regulatory proteins.
It is therefore clear that neutral nature of microsatellite markers cannot be assumed a
priori. For more details, see LT et al. (2002)
Comparative studies of microsatellites and other nuclear markers were recently
performed which indicate that micro satellites are more sensitive indicators of fine
scale genetic structure. In a study performed with the main aim to verify the possible
effects of different harvesting practices on genetic diversity in Eucalyptus sieberi L.
Johnson forest in southeastern Australia, GLAUBITZ et al. (1999)
genetic distances between nearby stands estimated frem micro satellites were 9 times
than
from RFLP data. The microsatellites displayed hllTice as much variability as the RFLPs.
The higher variability of
due to their higher mutation rate, has led to
the development of more powerful
for assigning genotypes to
source populations and identifying recent
into populations (important
topic related to possible contamination of local gene pools vlTith exotic species), It
should be stressed that correct applications of microsatellites in
studies
require the identification of realistic model of the molecular evolution of these loci (see
reviews by
& LAGODA
GOLDSTEIN & POLLACK
NIELSEN &: P ALSBOLL
BALLOUX & LOGON-MOULIN 2002, LT et al.
Microsatellites have also been identified in the
genome. The
of a polymorphic SSR stretch in the
DNA of Pinus
(POWELL et al.
enhanced the development of a set of universal primers amplifying 20 cpSSR
loci in Pin us
et al.
The sequences of the 20
loci revealed a characteristic structural trait:
consist of variable numbers of repeat units
which are
mononucleotides
et al.
satellites with the same characteristics
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(VVEISING & GARDNER
Recently SEBASTIANI et al.
identified also di-nucleotide SSRs in the chloroplast genome of some species belonging to the Fagaceae family.
Chloroplast microsatellites are in
maternally and paternally inherited in angiosperms and conifers,
When haploid uniparentally inherited markers are
considered in the monoecious
the effective
is supposed to be half
the size of that when nuclear markers are used (BIRKY et al.
Thus, variation at
pollen-mediated
micro satellite loci is believed to be indicative for genetic
drift or for isolation in combination with bottleneck effects. Due to the high degree of
conservation of the chloroplast genome, primers for the amplification of cpSSRs can be
easily transferred an,ong species. The characteristics of organelle microsatellites described above open up a wide range of applications for the analysis of genetic diversity of conifers at different spatial and temporal scales. At the individual level, the
potential usefulness of
micro satellites for individual identification or paternity
has been demonstrated
in Abies alba, ZIEGENHAGEN et al. 1998). In
three Abies species, P ARDUCCl et al. (2001) attributed 74 % of the total gene diversity to
the within-population variation. l\Tumerous studies have been devoted to the analysis
of the distribution of cp micro satellite diversity among and within populations. The
interpretations mainly address effects of stochastic gene flow via pollen or seeds and
thus rely on the assumption of neutrality of the
rl'1arkers. Since pollen is the
main agent of gene flow in wind pollinated species
& MITTON 1997, LIEPELT et
al.
the power of chloroplast DNA markers for differentiating among populations of conifers is
weak. This holds also true while comparing to the results
obtained from maternally inherited markers particularly when gene flow via gravitydispersed seeds is traced
SPERISEN et al. 2001 in
spruce; LIEPELT et al. 2002
in silver
Though harbouring some
of putative
as well as
difficulties in distinguishing between historical and contemporary gene
cpSSR
markers could be used in range wide studies to shed
on certain aspects of population history in conifer
(Eel-u et al.
MORGANTE et al.
VENDRAMIN et
al.
PARDuccr et al.
RICHARDSON et al. 2002). Several studies revealed the
for
among closely related
(BUCCI et al. 1998, CLARK et al. 2000,

'" micro satellites are easy to detect via
"
generally display
..
are co-dominant (nuclear SSRs);
.. they are
"
show a very
of

IJ)

chain reaction (PCR);

initial identification
construction and laborious screening of libraries or
some other method of
sequence information in order to design the primers. This information is generally not transferable betvveen species
the exception of
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A putative reduction or complete loss of amplification of some alleles due to base
substitutions or indels within the priming site
alleles') may occur. A
heterozygote carrying one null allele cannot be distinguished, on a gel, from a
homozygote for the only DNA fragment. The frequency of 'null alleles' is relatively
high
in beech, PASTORaLI et al. 2003);
Allelic
is a phenomenon that may occur when the template DNA is of
extreme low quantity. In this case, peR was shown to
amplify the shorter of
two alleles (TABERLET & LUIKART 1999); also this phenomenon can lead to an overestimation of homozygosity;
Hypervariability of markers may not always represent an advantage. Microsatellite
variation is based on length variation in base
of the amplified fragments.
Fragments of the same length (identical in state) may not derived from the same
ancestral sequence (and therefore may not be identical by descent), thus introducing the possibility of size homoplasy. Size homoplasy results in an underestimation
of population subdivision and genetic divergence between population and species
(VIARD et al. 1998, TAYLOR et al. 1999).

RAPD Markers

In 1990, a new kind of genetic marker was invented - called RAPD (random amplified
polymorphic DNA) (WILLIAMS et al. 1990).
RAPDs are detected
performing a peR assay with a single short oligonucleotide
primer, usually 10 bases long, of arbitrary sequence. Low annealing temperatures
(generally 36-37 QC) are used in RAPD reactions in order to allow binding of these
short sequences to matching sequences. Such short nudeotides are likely to be complementary to many sites within a eukaryotic genome. If genomic sequences are present
such that the primer can bind in inverted orientation to 2 different sites on opposite
strands of the DNA template, and if the sites are close enough to each other (generally
less than
base pairs), the DNA is amplified during the cycles of the peR, leading
to production of a DNA fragment that can be visualized on an agarose gel (generally 3
to 20 detectable fragments in large genomes, e.g., conifers).
Polymorphism between genotypes is due to either a nucleotide base change that
alters the
of the primer to anneal to the DNA template (loss of amplification), or
an insertion or deletion within the amplified fragment. Amplification can also be gained from substitution or insertions that create new primer binding sites. Therefore, the
polymorphism is generally detected as presence or absence of a particular RAPD
product. These polymorphisms can be mapped in the same fashion as other molecular
markers; the level of polymorphism detected by RAPDs appears to be similar to the
amount detected by RFLPs, and RAPD loci are distributed as randomly throughout
the genome.
Because
are visualized as the presence or absence of a band,
RAPDs are dominant markers, opposite to RFLPs and SSRs (co-dominance of RAPD
loci is rarely
The technical simplicity of RJ\PD markers and their application to any species favoured their use in forest tree genetic
in particular in
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mapping (BINELLI & BUCCI 1994, GRATTAPAGLIA & SEDEROFF 1994,
PAGLIA et al. 1998). Due to their dominant nature and the low
reproducibility of the assay, the use of RAPD markers in population and conservation
genetics has decreased dramatically during the last few years; nevertheless some interesting studies using this technique for
distribution of genetic diversity within and among populations were published
et al. 1992, ISABEL et al. 1995,
VICARIO et al. 1995, BUCCI et al.
SCHIERENBECK et al. 1997). In conifers the problem of the dominance can be overcome by
the haploid tissue of the
megagametophytes that are of maternal origin. This solution, however, reduces the
efficiency of the assay considering that at least 6 megagametophytes per maternal tree
must be analyzed for a correct classification of an heterozygous (probability of less 3 %
to misdassify an heterozygous as
The identification of efficient methods, in terms of costs and time, for accurate analyses of patterns of diversity in forest
trees is extremely relevant, because these organisms typically show a high level of
variability, so that sampling of a
number of populations and individuals is refor each study.
Another problem with RAPD markers is the low number of alleles at a locus.
Within a species, there are often multiple RFLP and SSR alleles at a locus. With
RAPDs, frequently there are only 2 alleles, indicated by the presence or absence of a
bando This characteristic may also represent a limitation in studies dealing with mapping: loci that are informative within one cross may not be informative in a different
cross; both parents may possess the null allele.
RAPDs became important genetic markers because the assay is very simple and
fast; and many loci can be identified, often with a single
sample
is much less laborious because only very small amounts of not very pure DNA are
required. On the other hand, RAPDs have been strongly criticized as markers because
doing PCR with short arbitrary primers can lead to quite different patterns depending
on the PCR conditions (lack of
The amplification reactions have to be
carefully standardized to obtain consistent results. Therefore, results can vary from lab
to lab, where different thermocyclers and amplification conditions are used. In generat the
of
of the assay was never completely solved, and this
is the main reason of the almost all complete abandonment of this technique.
Informative FAPD fragments can be transformed into a nEW
of markers; havfewer drawbacks than the original RAPD marker: they are called Sequence Characterized
Regions (SCARs). RAPD fragments of interest are isolated, cloned
and sequenced and longer primers
24 bp) complementary to the ends of the
original RAPDs are designed. Using SCARs only
loci are generally amplified. In
the
of the cases SCARs are still dorninant markers, but much more reproducible than RAPDs. SCAR markers allowed refining the postglacial
of
spruce in the Italian
region
et al. 2000).

" rapid,
relatively
assay;
" no prior sequence information is required;
'" many loci can be identified
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" the assay can be automated.
Disadvantages:
'"
is
dominant;
'" Low allelic polymorphism;
®
of
" Problems of co-migration: the presence of a band of identical molecular weight in
different individuals is not evidence that the individuals share the same homologous DNA
"
based on random amplification, marker bands can originate from any position within cellular
nuclear, chloroplast and mitochondrial DNA.
To ensure correct data
inheritance of all RAPD fragments must be confirmed before performing
genetic studies.
differentiation
among
r.nay derive from the high
of RAPD fragments of
mitochondrial origin (the mitochondrial genome is
maternally inherited
in both conifers and angiosperm trees), as observed for example in Pseudotsuga
menziesii by AAGAARD et al.
HClr,H.lCi

AFLPs

Restriction

I-rrlcrr.'"0~7t

In this method
et al. 1995),
DNA is
with 2 restriction enzymes,
a rare-cutter
EeaRI) and a frequent-cutter (e.g., MseI), creating 2 different overhanging ends. Subsequently, oligonucleotide
are ligated to the ends of these
restriction
Using primers corresponding to EeoRI and MseI, only those fragments with an EcaRl and Msel site at either end are amplified by peR. This initial peR
amplifies a subset of the fragments originated
the restriction enzymes. The fragments are then subjected to a selective amplification using primers corresponding to
synthetic adaptors as livell as the first few (one to five) nudeotides of the restriction
fragment itself. The amplification is selective because one selective nucleotide on each
primer will result in the
of
one in sixteen fragments while two selective bases will decrease the number
The selective nucleotides can be varied. The number of resulting amplified fragments is determined
of the selective nucleotides used as well as the
of the
DNA. A typical plant genome like soybean amplified with three selective bases will
produce about 120
These fragments are detected on sequencing-type
polyacrylamide gels through radioactive labelling or through silver staining and DIGlabelled procedure
et al.
AFLP analysis performed on species
complex genome, such as that of
requires an higher degree of
three selective
in order to reduce the number of fragments
not more than 150 fragments are easily detectable
electropho··
aOnn,n-llC'

To summ,Hize, the basic AFLP assay consists of four successive steps (Fig.
digestion vITith restriction enzymes;
ligation with adapters;
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EcoR I restriction site

------

_

Restriction fragment

'

Msel restriction site

__~__J____~TC~T~I
~~---~-- AG AAT[g

Adaptor ligalion

CTCGTAGACTGCGTACCA~.TTCCAC ---~-~--

TCGTTACTC".GGACTCAT

CATCTGACGCATGGTTA}tGGTG --~----- AGCAATGAGTCCTGAGTAGCAG

PGR ampil/ication
AFLP primer

AF;P,p""im"~e')r

CTCGTAGACTGCGTACCAATTCCAC ~~--~--- ,!'CGTTACTCAGGACTCATCGTC

Selective bases

~

~ATG_~G'rCCTGAGTAG

GACTGCGTACCAATT~ ~
CATCTGACGCATGG'rTAAGGTG -~----~- AGCAATGAGTCCTGAGTAGCAG

!

EleclmphoreHc separation

----------------------

Figure 5. The basic AFLP assay consists of four successive steps: (1) digestion with restriction
enzymes; (2) ligation with adaptors; (3) peR amplification - one initial and one with selective
bases, Only the selective amplification is show in the figure; (4) Electrophoresis and detection,
AFLP involves the detection of 'presence' or 'absence' of restriction fragments rather than
differences in their lengths, and is a dominant marker [from Vos et al. (1995), modified],

(3) peR amplification (always one initial- s01netimes also a subsequent selective one);
(4) electrophoresis and detection.

Advantages:
., Many more bands, and therefore potentially many more polymorphisms, are identified than with RFLPs or even RAPDs, Routinely about 50-100 bands are observed
in each lane of a gel and this enables a rapid construction of highly saturated genetic maps;
" As with RAPDs, only a small amount of template DNA is needed and no probe
hybridization is needed;
.. No prior sequence information is needed;
.. Amplification patterns are more reproducible than with RAPDs,
Disadvantages:
" The method is technically challenging and labour intensive;
" The technology is proprietary;
III
Bands are still scored as
or absent
dominant or recessive), Some
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densitometric softwares were developed that may discriminate between heterozygotes and homozygotes based on allelic density, but this approach requires specialized equipment. It should be mentioned that fragment analysis software for automated sequencers were recently developed and are now available;
., Specialized equipment (e.g., automatic sequencer) is necessary to increase the efficiency of the technique.
Although AFLP technique was recently developed, there are already some examples of the application of these markers in forest genetics (CERVERA et al. 1996, MARQUES et al. 1998, CHAGNE et al. 2002). RIBEIRO et al. (2002) analyzed genetic variation in
Pinus pinaster populations using AFLPs and chloroplast SSRs. Population level of diversity within French and Portuguese populations were found to be sin'lilar with
AFLPs, but not with cpSSRs. Although AFLPs revealed much lower genetic diversity
than cpSSRs, the level of among-population differentiation with the two types of
markers was similar. The concordance found between the two markers suggests that
gene flow was the predominant force shaping genetic variation of the populations of
France and Portugal (RIBERIO et al. 2002). The possibility to screen a large number of
loci in a single assay allowed developing highly saturated linkage genetic maps in
Pinus pinaster (CHAGNE et al. 2001), in Picea abies (PAGLlA et al. 1998) and in Fagus
sylvatica (SCALFI et al. 2004). The most important applications of the AFLP technique in
breeding include genetic distance analysis, variety identification, isolation of markers
tightly linked to specific genes, and marker assisted backcrossing.

SSCPs (Single Stranded Conformation Polymorphism)
SNPs (Single Nucleotide Polymorphism)
The mobility in gel electrophoresis of double-stranded DNA's of a given length is relatively independent of nucleotide sequence. In contrast, the mobility of single strands
can vary considerably as a result of only small changes in nucleotide sequence. This
fact led to the development of Single-Stranded Conformation Polymorphism (SSCP)
techniques.
SSCP markers are also analyzed with PCR techniques. Most SSCP protocols are
designed to analyze polymorphism at a single locus at a time, frequently a locus of
known biological function. Therefore, in this technique, a specific pair of PCR primers
flanking the target region is used to amplify DNA from different individuals. Singlestranded DNA is produced by asymmetric PCR, in which one primer is present in
excess over the other. After the low concentration primer is used up, the reaction continues, producing only the target strand. Then the mobility of single strands is compared
gel electrophoresis (Fig.
Single-stranded DNA mobility is sequence dependent because of varying degrees
of inlra-strand base pairing and the resulting looping and compaction. Single strands
may also be generated
denaturing double-stranded DNA. In this case the mobility
of each of the two complementary strands is observed. Strands can be distinguished
attaching different fluorescent labels to the hvo primers.

355

G. G. Vendramin & O. K. Hansen

Tree no. 1

Tree no. 2

Primer A

Primer A

.--..

/1

/

Target strand with
polymorphism

Target strand without
polymorphism
Primer B

Primer B

+
Separation of single-stranded
DNA by gel electrophoresis

Figure 6. Outline of the principle in the single-stranded conformation polymorphism (SSCP)
techniques. The mobility of single strands can vary considerably as a result of only small changes
in nucleotide sequence. The single-stranded DNA is produced by asymmetric PCR, in which one
primer (B) is present in excess over the other (A). After the low concentration primer (A) is used
up, the reaction continues, producing only the target strand. Afterwards the mobility of single
strands is compared by gel electrophoresis.

The type of polymorphism observed with these techniques is often referred to as
SNP (single nucleotide polymorphism) if a single nucleotide is responsible for the
mobility difference. SNPs can therefore be defined as single base changes in a genomic
DNA sequence (SNPs generally refer only to substitutions). SNPs represent a natural
genetic variability at high density in the human and at least other mammalian genomes. SNPs can of course be detected by direct sequencing, which represents the
most comprehensive approach to analyze genetic differences, homologous fragments
of different genotypes: sequences are then aligned so that position with a variable
nucleotide can be easily identified. Direct sequencing is now routine, but not easily
applicable to population and conservation genetics of forest trees because of the still
too high costs. This is particularly true for diversity studies of forest tree species that,
because of their high level of polymorphism, that often require testing large sample of
individuals and populations to obtain accurate estimates. A SNP represents an alternate nucleotide in a given and defined genetic location that occurs at a frequency exceeding 1 % in a given population. This definition does not include other types of genetic variability like insertions and deletions, and variability in copy number of re-
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peated sequenceso SNPs are considered the major genetic source of phenotypic variability that differentiates individuals within a given specieso
First studies
on plants, including forest trees, revealed a high frequency
of SNPs also in these organisms: preliminary evidences indicate that the frequency of
SNPs in Picea abies is more than order of magnitude greater than that reported in humans and even higher that observed in maize, a species considered with high level of
analyzing 13 ESTs
variability (DEGLI IVANISSEVIC & MORGANTE 2001)0 These
in
spruce! detected an overall frequency of 1 SNP /88 bases! and in detail 1
SNP /30 bases in introns. Lower frequencies of SNPs were detected in Pinus halepensis
Mill.
et al. 2003) and Pinus
et alo 2003). The abundance
of SNPs compensates for the fact that these markers generally display only two alleles
considering that the probability that a third nucleotide is present at the same position
is very low.
SNPs may occur in non-coding regions (SNPs) as well as in coding regions (cSNPs).
cSNPs often generate polymorphic variants of expressed proteins that sometimes affect their functional propertieso The chance to detect SNPs is generally higher in non
coding and intergenic regions of the genome, because they are expected to be under
less severe selection than coding regions. SNP frequency in Pinus taeda L. ranged from
1/196 in exons to 1/37 in non-coding regions (PLOMION et alo 2003).
As mentioned before, direct sequencing of DNA segments (amplified
PCR) from
several individuals is the most direct way to identify SNPs (Figure 7). peR primers are
designed to generate fragments of 400-700 bp, frequently derived from genes of interest or ESTs (Expressed Sequence Tag; for more details see po 380 ff, this volume). peR
can be performed on a set of highly divergent populations, each represented by different individuals. The peR products are sequenced in both directions. The resulting
sequences are aligned and, taking care to distinguish true polymorphism from sequencing errors, polymorphism is identified. In the specific case of conifers, the analysis of DNA isolated from the megagametophytes (haploid tissue of maternal origin)
eliminates the problem of the identification of heterozygous positions. A marker tagging a gene under selection is expected to display a different pattern of variation compared with that obtained using neutral markers. An approach to test this hypothesis
consists in the comparison of the level of divergence among populations using, for
example, Wright's F-statistics, separately for neutral (FN) and gene-tagged markers
(FT')' Values of FT higher than FN indicates divergent selection and local adaptation for
the analyzed genes while similar values of the two parameters is an indication that
selection doesn't play any role. Markers showing values of
higher than FN are the
most valuable for conservation purposes
TIENDEREN et al. 2002). First results obtained in Pinus halepensis analyzing the CAD region showed a level of genetic differentiation among populations about 5-10 times greater than using neutral markers
(isoenzymes, cp- and nuclear SSRs)
et al.
In species characterized
outcrossing mode of reproduction and very large population size, such as almost all
the rate of SNP
is
to be
high. In other species! pre-screening to detect
may be necessary: SSCP
and/ or enzyrne cleavage methods may be extremely useful.
Single nucleotide
are an
reach source of
mark-
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ers for use in the high resolution genetic mapping of traits and for association studies
that are based on candidate genes as wen as for plant diversity studies based on the
analysis of sites that may be undergoing selection (for more details see p. 380
this
volume). The recent development in genotyping capabilities should allow the rapid
increase of nucleotide surveys based on larger sample sizes for a more robust analysis
essential for population genetic studies. The availability of a huge amount of data
requires the development of appropriate databases and bioinformatic tools.
Recently GILL et al. (2003) published an interesting paper in which evidences for the
molecular basis of a null allele of CAD have been described in Pinus taeda. The mutation consists in a tandem adenosine insertion in the null allele that causes a frame shift
that result in a premature termination of the protein. The CAD downregulation results
in a significant increase in stem growth: in general the mutation has an effect in pulping efficiency. Chemical pulping could be increased in efficiency by selecting the trees
having the 2-bp adenosine insertion. GILL et al. (2003) also developed an effcient assay
for the detection of the mutation. On the basis of these results, the importance of collecting information about the nucleotide variation in genes and of developing efficient
detection systems became evident
Advantages:
.. SNPs occur with high frequency. Many marker loci could be developed to generate
a highly saturated map and for association studies;
.. SNPs are co-dominant in nature;
.. Detection methods for SNPs are potentially more suitable for genetic screening in
automated and large-scale (e.g., DNA chips technology).
Disadvantages:
.. SNPs are generally biallelic: there are usually only 2 alleles present in a population.
This makes them less informative than other types of markers, for example
microsatellites;
'" SNPs may be population specific, i.e. a marker useful in one population may not be
present in another. In contrast, micro satellite markers tend to be universal;
" SNP detection is still a laborious and time-consuming step.

Choice of marker
When a marker needs to be chosen to examine variation at Mendelian loci, the following aspects should be taken into consideration (Table 1):
" Number of available loci: limited in the case of isoenzymes, theoretically unlimited in
the case of all DNA markers, in particular of AFLPs, RAPDs and SNPs;
'" Level
low for isoenzymes, very high for microsatellites, intermediate for
RFLP;
D01ninance: RAPD and AFLP
dominant, therefore less efficient for population genetic studies and
purpose than co-dominant markers as
isoenzymes, RFLPs, SSRs;
'J)
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1

~

~----

Tnse no. 2

Primer A

-rl!»
400-700 bp

~
Primer B

401l-700 bp

n
n

PCR amplification 01 DNA

Se,!uencing 0-1 PCR products from prime, A or B

3 Single I'Hlcieotide

Tree no. i

0

•

polymo~phisms

(SNl"s)

0

T~ena.2

••• GACTCGTACCA"TTCCACTCGTTAC ..

T~Bno.3

••• GACTCCGTACCA"TTCCACT GTTAC ..
Haplolypes:

----

-------'

Figure 7. Schematic representation of Single Nucleotide Polymorphisms (SNPs) detection.

.. Presence of null alleles: high proportion of null alleles detected at SSR loci, which
may cause an underestimation of heterozygosity. Nun alleles were also detected at
isoenzyme and RFLP loci but at lower frequency;
<Ii
Reproducibility: low reproducibility for RAPD, higher for AFLPs, highest for
isoenzymes SSRs and SNPs;
~ Transferability: very high for isoenzyme, lower for nuclear SSRs, generally only to
closely related species; very high for chloroplast SSRs, also to species of different
families. Co-migrating RAPD and AFLP fragments r~(lay not necessarily derive
from the same loci, even in closely related
sequencing is necessary to
the
of RAPD, AFLP and SSR fragments;
Easy of assay: AFLP, RFLP and SNPs are the most technically
markers.
Highly efficient systems for SNPs detection were
developed;
ID
Efficiency of the assay
multiplexing,
the simultaneous analysis of multiple
loci in a single
lowest with RFLP, highest with AFLP, intermediate with
RAPD and SSRs;
"Automation
using automatic sequencers and robotic
all peR
based markers are amenable to automation. On the contrary,
and RFLP
are
manual techniques. SNP detection can be automated to a
extend;
" Costs: isoenzymes are the cheapest, RFLPs and SNPs the most expensive. In the
specific case of
the high costs are
clue to their identification and charI}

359

G. G. Vendramin& O. K Hansen
.~

*"
.~

....
(j)
u

«j
>.;

<tI

~

Cd

(j)

,.r;;

....;;i
+'

Cd
,.Q
«!

~

'"
'~

<lJ

(j)

....
0

e,..

i)

0

""'
.;.,X

(j)

"~

'lJ

,.r;;

....
'lJ

(j)

'"d'

S
;:I

Cl

....u
'"'""'"

""
,.r;;
(IJ

.....

,S
<!l

QJ

,.Q

~
fJ)

,.r;;

....

80;

::: e
'" ;:l
,..Cl
(j)

,,:.: :>l-<

«! '"
.....
El :El

. '"-

....~~

(IJ'<-<

<l.J \0

""'
""'
;.;

specific case of SSR, the high costs are
mainly due to their identification and
characterization; when SSRs are available,
the cost of their screening is limited,
A simple conclusion can be drawn from
the information reported above. All molecular markers are not equal, none is ideal
and some are better for some purposes
than others. In a very general way, it can
be stated that;
For applications that require the screening of a large number of loci (estimation of genetic variation and differentiation within and among populations),
the markers of choice are AFLPs, RFLP,
SNPs and SSRs.
" For applications that require a high
discriminant power (mating system
studies, paternity and parentage analysis, gene flow studies, DNA fingerprinting), the markers of choice are
SSRs.
In addition to the study objectives, the
selection of the different markers is also
strongly dependent on the availability of
specific equipment and of skilled person
nel as well as on specific financial support.
Some important software packages for
the analysis of population and conservation genetic data obtained using molecular
markers were designed during the last
years. In the following table, the most
commonly used software is compiled:

Cf)

ci.,

Conclusions
In the specific field of the conservation
genetics, molecular markers can be
extremely useful in both ex situ and in situ
conservation. Ex situ conservation of
resources includes the storage of
samples in gene banks, which is intended
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Table 2. Most commonly used software for a population genetic analysis (parentage analysis included) of the data obtained using
molecular markers.

Software

GeneAlEx

Analysis in Excel)

MSA

Analyzer)
(Spatial Pattern Analysis

TPFGA (Tools for Population Genetic
SGD

Genetic Distance)

GDA (Genetic Data

EXCOFFIER et al. (1992)

http://anthro.unige.ch/ arlequin

PEAKALL & SMOUSE

(2001)

http://www.cefe.cnrs-mop.fr/wbiomed/curtin.edu.
au/genepop

YEH et aL (1998)

http://www.ualberta.ca/~fyeh/

DIERLINGER & SCHLTTERER (2002)

http://i122server.vu-wien.ac.at

HARDY & VEKEMANS

(2002)

MILLER (1997)

hUp:/ /www.ulb.ac.be/sciences/lagev/
http://herb/bio/nau/edu/miller/ ~tfpga. htm
http://bioweb.usu.edu/mpmbio/ tfpga. htm

DEGEN (2000)
LEWIS & ZAYTIN

STRUCTURE

PRITCHARD et al. (2000)

of

http://www.anu.edu.au/BoZo/GenAlEx

RA YMOND & ROUSSET

GOUDET (1995)

SAMOVA.
Molecular

~'J

Web-address

FSTAT
BAPS.

Q"\
fd

References

http:// lewis.eeb.uconn.edu/lewishome/
software.html
/ www.unil.ch/izea/ softwares /fstat.html
hUF/ /pritch.bsd.uchicago.edu/

CORANDER et al. (2003)

of

DUPANLOUP et al. (2002)

http://web.unife.it/progetti / genetica / Isabelle /
Isabelle.html

~
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to represent the genetic diversity of the species as much as possible. Gene bank
management comprises four major categories of activities, all of which may benefit
from the application of molecular genetic markers. These activities include 'acquisition' (development of sampling strategies, identification of populations that need to be
preserved), 'maintenance' (quantification of genetic drift, identification of genetic contamination), 'characterization' (genetic evaluation of germplasm) and 'utilization'
(molecular markers and functional diversity, molecular markers and genetic improvement) (BRETTING & WIDRLECHNER 1995, BROWN & KRESOVICH 1996, KARP et al. 1997).
In situ conservation requires an assessment of the genetic variation within and
between populations in order to identify the populations that need to be conserved
(inventory of genetic diversity): moreover, it requires the development of management
activities to monitor genetic changes over time (study of dynamic of diversity). Therefore, in situ conservation studies may also benefit from the implementation of molecular genetic markers (KARP et al. 1997).
Many studies performed during the last years demonstrated the usefulness of neutral molecular markers in the field of conservation and population genetics of forest
trees, in particular to understand the importance of migration patterns in shaping
current genetic and geographic diversity and to measure important parameters such
as effective population size, past bottleneck and gene flow. This is relevant to design
conservation strategies but is of little value to understand adaptability patterns. Phenotype assessment are time consuming and generally very expensive, and are not
useful to gather information about variation in the genes controlling adaptive variation. This is why new types of molecular markers are being developed for some forest
trees (for example, single nucleotide polymorphisms (SNPs) in candidate genes of
Picea abies, Pinus pinaster and Pinus halepensis). They may have a great potential in the
study of adaptive traits. The use of only neutral genetic markers for the conservation
of genetic resources may be questionable. These markers have been and are still useful for characterising common origins of populations and their post-glacial migration
routes and for mating system studies. They have less potential for characterising genetic diversity in adaptive traits and the adaptive potential of populations. It should
be therefore stressed the need to bring the two approaches together so that genetic
markers can also be used to study the adaptability of populations and the effects of
selection. The new type of SNP markers detected in expressed regions of the genome
may be a first step in this direction. In any case, there is the need to use both neutral
and adaptive approaches. In the face of environmental changes, populations will
migrate and/or adapt (or eventually become extinct!). Knowledge of both mechanisms is necessary for gene conservation. The establishment of Conservation Management Units (MORITZ 1994), intended as units containing significant adaptive variation,
should be based on the combined identification of Evolutionary Significant Units
(ESU's aimed at the conservation of the historic, evolutionary diversity of a species
than the current distribution of populations and alleles) and of Functionally Signifieant Uniti5 (FSUs, based on differences in allelie frequencies for genes with important
ecological functions, as suggested by TIENDEREN et al. 2002).
During the next years, a large amount of data at marker loci or at sequence level is
expected to be collected: to complement the high statistical power of these data, an

362

Molecular markers for characterizing diversity
evolutionary perspective is required to evaluate their biological importance, as stressed by HEDRICK (2002).
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Forest genomks and new molecular genetic approaches
to rneasuring and conserving adaptive genetic diversity
in forest trees
K. V. Krutovsky

D.

B,

Neale

Introduction
Genetic diversity is the basis of the ability of organisms to adapt to changes in their
environment through natural selection. Populations with little genetic variation are
more vulnerable to the arrival of new pests or diseases, pollution, changes in climate
and habitat destruction due to human activities or other catastrophic events. The inincreases the risk of extinction. Genetic
to adapt to changing conditions
conservation and
aimed to save
genetic diversity should be
based on the knowledge of the genetic basis of adaptation. The goal of this paper is to
describe how adaptive genetic diversity can be measured using new molecular genetic
approaches and achievements in forest genomics.

Traditional methods to measure adaptive genetic diversity
Field

OY>1Prl'W/ O'YI

re

Field experiments
tests) have been used
adaptive genetic
in trees. These tests continue to be used
in tree
breeding and are very effective in identification of families and clones that are specifically adapted to particular environments or to a broad variety of environments. However, field experiments are very time consuming and relatively expensive, and more
importantly;
are based
on the
They can estimate genetic parameters but
on measurable
not on individual genes. This rnethod can neither
information on what particular genes and hov\1 many of them are
involved in adaptation nor how much of phenotypic variation can be explained by
variation in these genes. More details can be found in
p. 275 fC this vol-

Th. Gebure7c & J. Turo7c (eds.)
Conservation and Ma'l1a\>cm:ent
Genetic Resources in Europe
Arbora Publishers,
2005,369-390, ISBN 80-967088-1-3

Molecular genetic markers
Another, generally complementary, approach for estimating adaptive genetic diversity
is to measure genetic variation using molecular genetic markerso However, DNA variation that resides in the non-coding genomic regions or does not lead to a change in
the amino acid sequence (for example, so-called synonymous nucleotide substitutions
in the second or the third positions in a codon encoding an amino acid) is unlikely to
have any significant contribution to adaptation. Many modern genetic markers belong
to so-called anonymous DNA marker type such as microsatellites or simple sequence
repeats (SSRs), restriction fragment length polymorphisms (RFLPs), random amplified
polymorphic DNA
and amplified fragment length polymorphisms (AFLPs).
These marker types generally measure apparently neutral DNA variation, and are very
useful (with different efficiency, of course) in the analysis of phylogenetic relationships, population structure, mating system, gene flow, parental assignment, introgressive hybridization, marker-aided selection and genetic linkage. They are not useful for
measuring adaptive genetic diversity.
Isoenzymes are another class of genetic markers widely used in forest genetics in
the last several decades. Although variation revealed by these markers is caused by
amino acid variation, it is unclear whether this variation is selectively neutral or has
any adaptive significance. There are many studies showing great adaptive differences
(in morphological or phenological characteristics) among populations of forest tree
species, but no accompanying differences for the isoenzyme markers (see references in
BOSHIER & YOUNG 2000)0
Markers of all kinds are used now in forest genetics - both anonymous and genic,
dominant and co-dominant, highly and less polymorphic, expensive and inexpensive,
supposedly selective and apparently neutral; abundant and less numerous. A classification of genetic markers is offered in Table 1, which takes into account their most
important features. Details on the nature of these markers, their advantages and disadvantages and use in different applications are available elsewhere (see the most recent
reviews by CERVERA et al. 2000, LINHART 2000, GLAUBITZ & MORAN 2000, SAVOLAINEN
& KARHU 2000, MANDAL & GIBSON 1998, lac. cit. chapters 12-14).
The ideal marker for estimating adaptive variation should meet the following critebe directly involved in the genetic control of adaptive traits; (2) have identiria:
fied DNA sequence and known function; (3) be readily available for genetic
and (4) have easily identifiable allelic variation. No marker fully satisfies all these criteria. However, a promising new marker, expressed sequence tag polymorphisms
(ESTPs), seems to satisfy most or all of these criteria, emerged recently as a result of
genomic studies.
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Table 1. Comparison of commonly used genetic markers.
Feature
----

RFLP

SSR

RAPD

AFLP

Isoenzymes

STS-EST

Anonymous
genic

Anonymous

Anonymous

Anonymous

Genic

Genic

-----~

-

Maximum
theoretical
number of
possible loci

Limited by the
restriction site
(nucleotide)
polymorphism
(tens of
thousands)

Limited by the
size of genome
and number of
simple repeats
in a genome
(tens of
thousands)

Limited by the
size of genome,
and by
nucleotide
polymorphism
(tens of
thousands)
--

Dominance
-----,.

Co-dominant

Co-dominant

--------------

Null alleles

Rarely to
extremely rare
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-- - - - - -

Limited by the
restriction site
(nucleotide)
polymorphism
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Genomics has arisen as a new science
that studies the whole genome
integrating traditional genetic disciplines such as population, quantitative
and molecular genetics with new technologies in molecular biology, DNA
analysis, bioinformatics and automated robotic systems (Fig.
A number of subdisciplines of
genomics can be combined to
a powerful approach to studying
adaptive genetic variation: structural,
functional, comparative, statistical and
associative genomics. A brief description of these sub disciplines might be
useful m helping those new to the
field to understand how modern
genomics can affect genetic conservation.

Structural genomics

Structural genomics attempts to identify all the genes in the genome, sometimes called gene discovery (Fig.
and to determine their locations on the
chromosomes. This goal is achieved by
sequencing individual genes, gene
segments or entire genomes. The individual genes are identified from the
DNA sequence using sophisticated
computer algorithmso The biochemical
function of a gene is deduced via comparison of the DNA sequence vvith the
sequences of genes of known function
in the databaseso When complete sequence of an entire genome is not
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Gene function

...

Gene-trait relationships
....

Data collection and
communkation
Robotic systems
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Figure 1. Genomics is a broad discipline that integrates traditional areas of genetics [adapted from
Figures 1.1 and 1.2 in Lru (1998)].

available the location of genes can be determined either by direct physical mapping or
by genetic mapping of the entire genome using numerous genetic markers. One of the
most prominent applications of structural genomics for the study of adaptive genetic
variation is quantitative trait loci (QTL) analysis via genome mapping. However, this
approach aims to explain genomic structure and gene interaction at the genomic rather
than functional level, unlike functional genomics,
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Figure 2. Discovery of adaptive genes. DNA in genes encode different proteins, for example, those
with specific cellular functions related to the growth, wood quality and other adaptive traits (A);
Sets of these genes are expressed according to unique patterns in time and location via messenger
RNA (mRNA) that can be isolated, for instance, from xylem tissue and captured in vitro as
complimentary DNA (cDNA) (B); cDNA are sequenced (C), and cDNA are compared to database
sequences to suggest gene functions. Large-scale partial cDNA sequencing can identify many genes
within a genome. Specific sets of genes expressed to produce specific structures (e.g., wood) or
specific phYSiological responses (e.g., disease resistance) can be identified (D); expressed sequence
tag (EST) genetic markers can be developed from these gene sequences (E); ESTs can be genotyped
and mapped in the experimental population or progeny segregating for both genetic marker and
adaptive trait (F, G).
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Functional genomics
Functional genomics seeks to understand the function of genes and how they determine phenotypes. One of the major advances in functional genomics is using DNA
microarrays (also known as /DNA chips") to measure the specific expression of thousands of genes simultaneously. DNA micro array contains thousands of DNA samples
or oligonucleotide sequences printed or synthesized onto nylon membrane filter or
microscope glass slide in a precise and known pattern and representing thousands of
Each DNA
a unique gene that is
genes in the genome
used to quantitatively measure mRNA (messenger RNA) expression by hybridizing to
fluorescent labelled mRNA (Fig.
Adaptive response to differ ent environmental
stresses and treatments can be studied for many genes simultaneously or in parallel by
analysis of differential responses of thousands of genes using DNA microarrays.

Comparative
Comparative genomics uses information from different species and assists in understanding gene organization and expression and evolutionary differences. It takes advantage of the high level of gene conservatism1 in structure and function
little
variation across diverse
and applies this principle in an interspecific manner in
the search for functional genes and their genomic organization. Comparative genomic
studies are also enhanced by examining a diversity of model organisms in which physiological, developmental or biochemical traits are readily studied.
DNA sequence comparison and comparative genetic mapping are the most often
used methods in comparative genomics
KRUTOVSKY et al. 2004, NEALE & KRUTOVSKY
It is likely that the study of adaptation in forest tree species will greatly benefit from comparative genomic studies using different models as well as other wellstudied species. In particular, genomic studies in a small flo~wering brassica plant,
Arabidopsis thaliana (L.) Heynh., widely used as a model species, have already yielded
complete genome sequence data. A complete genome sequence of poplar also has become available for comparative genomic analysis recently (http:/ / genome.jgipsf.org/Poptrl/Poptrl.home .html).

Associative myv,nn71('Q
Associative genomics searches for mutations in populations via linkage disequilibrium
analysis and via direct assessment of association between alleles and phenotypes. This
approach can be effectively used in the search for
mutations such as disease
resistance, drought
cold llardiness, etc. DNA variants or mutations

1

A nucleotide base sequence in a DNA molecule (or an amino acid sequence in a
remained essentially
evolution"
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Figure 3. The use of DNA microarrays in differential gene expression analysis (adapted from
ALBELDA and SHEPPARD 2000). Comparative hybridization experiment involves isolation of
messenger RNA (mRNA) from two separate samples (A). The mRNA from each sample is treated
with revers transcriptase (B) and labelled with a distinct fluorescent tag (C). The two pools of
labelled RNA are mixed, hybridised to the DNA microarray containing a full set of thousands or
tens of thousands of DNA sequences based on genome or complimentary DNA (cDNA) sequences,
and washed (D). The microarray array is scanned using a specialised fluorimager, and the colour
of each spot is determined (E). In this example, genes expressed only in Sample A would be red in
colour, genes expressed only in Sample B would be green and those genes expressed equally in
both samples would be yellow. This allows researchers to determine genes that are specifically
expressed in response to the specific treatment or disease, or tissue-specific genes that are
expressed in one tissue, but not in other.

(inherited differences in DNA sequence) can either directly contribute to phenotypic
variation, influencing an individual's phenotypic characteristics (e.g., risk of disease
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and response to the environment), or can be tightly linked to the genes causing this
variation. In the latter case, the alleles serve as markers of the selective genes and can
be in linkage disequilibrium with alleles of this gene due to the limited popUlation
size, recent origin, low recombination rate and/ or strong selection acting on alleles of
the linked selective gene. Once candidate alleles responsible for adaptive traits are
detected via QTL, candidate and comparative mapping, it will be possible to perform
association studies to estimate effects of alleles or haplotypes 2 on phenotypes. It should
be practical to define common haplotypes using a dense set of polymorphic markers,
and to evaluate each haplotype for association with disease or any particular adaptive
trait. Single nucleotide polymorphisms (SNPs) are the most appropriate markers to
characterise haplotypes and to achieve the required density of markers. Most sequence
variation is attributable to SNPs, with the rest attributable to insertions or deletions of
one or more bases, repeat length polymorphisms and rearrangements. SNPs are binary, and thus well suited to automated, efficient and fast genotyping. SNPs are relatively frequent in conifers, with one SNP per 46 or 63 bp observed on average for 18
genes in Pseudotsuga menziesii (Mirb.) Franco (KRUTOVSKY & NEALE 2005) and Pinus
taeda L. (BROWN et. al. 2004), respectively. SNPs occur every 150-250 bases on average
in conifers when two random individual sequences are compared, and are thus present at sufficient density for comprehensive haplotype analysis (NEALE & SAVOLAINEN
2004). These adequate levels of nucleotide diversity together with random mating,
unstructured populations, rapid decay of linkage disequilibrium, and precise evaluation of phenotype from clonal or progeny testing make conifers and many other forest
tree species especially well suited to the association mapping based on SNPs in candidate genes (NEALE & SAVOLAINEN 2004, GONzALEZ-MARTINEZ et al. 2006). Large association mapping studies of complex traits are currently in progress in Pin us taeda and
Pseudotsuga menziesii. Such studies should help to find haplotypes and genetic variants
that are either directly involved in the genetic control of adaptive traits or have nonrandom association with these traits due to a tight linkage and linkage disequilibrium.

Statistical genomics
Statistical genomics is an integrative sub-discipline and serves all other areas of genomics. It provides statistical tools for genome and QTL mapping in structural genomics,
bioinformatics tools for gene search, comparison and annotation in functional genomics, and statistical population genetic methods in associative genomics. Statistical
genomics is also very important in developing computerised comprehensive interactive biological databases. New computer tools are required to compose genetic data at
all levels of biological organization - from gene to population, species and ecosystems
- for multiple purposes, including genetic conservation.

2

A particular combination of alleles or sequence variations that are closely linked - that is, are
likely to be in.."lterited together on the same chromosome.
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Certainly, the division of genomics into these subdisciplines is rather arbitrary.
Often the distinctions are vague or overlapping, but may be useful in helping those
new to the field to understand modern genomics. In fact, genomics is a synthetic discipline that combines many methods and approaches of molecular biology, population
and evolutionary genetics and bioinformatics (Fig.
The purpose of genomics is to
study the structure, function and evolution of genome as a whole via complete genome
sequencing, creating functional genetic maps for entire genomes and simultaneous
analysis of patterns of differential expression of all or thousands of genes in the genome representing different cells and tissues and / or different treatments and conditions. It facilitates understanding genomes at both a molecular and a phenotypic level.
It is likely that soon we will have a catalogue of all or most of genes expressed in plant
and animal genomes and those that play essential roles in species- and populationlevel adaptation. Identifying and understanding the function of these genes, we can
associate genetic variation with phenotypes and study adaptive genetic variation in
different populations.

DNA sequencing of entire genomes
Complete sequencing of genomes of several important and model species is a significant achievement of genomics, which provides the basis for comparative and functional analysis. Answers to questions such as (1) the number, location and distribution
of genes in genome; (2) gene organization and their function; (3) what genes are the
same or highly conserved across different species; and (4) what genes are responsible
for species adaptation and evolution can now be obtained. Complete genome sequences have been determined for the yeast Saccharomyces cerevisiae (May 1997), the
nematode Caenorhabditis elegans (December 1998), the fruit fly Drosophila melanogaster
Meigen (March 2000), the annual plant Arabidopsis (December 2000), the human (February 2001), rice (April 2002), mouse (December 2002), maize (April 2004) and, finally,
poplar (September 2004).
The number of genes in a genome is limited and turns out to be not as high as expected earlier (for instance, only ~26,OOO in plants and animals vs. ~6,OOO in baker's or
budding yeast, Table 2). Moreover, many genes are common across different species
and are practically unchanged from the distant evolutionary past For instance, only 94
of 1278 protein families in the human genome appear to be specific to vertebrates. The
most elementary of cellular functions - basic metabolism, transcription of DNA into
RNA, translation of RNA into protein, DNA replication and the like - evolved just
once and have remained almost unchanged since the evolution of single-ceHed yeast
and bacteria.
Comparative genomics
such gene conservatism, which helps to
understand and infer the function of a particular gene from the data obtained for similar homologous genes studied in other organisms. Much about forest tree gene fLmctions can be learned from the data obtained in poplar. However, complete genome
sequences are not
available for any conifers,
advances in sequencing tech
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Table 2. Genome size of several species for comparison.
Taxonomic rank

Latin name

Common name

Haploid
chromosome

Nucleotide
base (x 106 )

Genes (x 103)

--------~

121

40 1
Escherichia coli2

1.6-3.0
0.6-7.0
4.6

archaeI microrganisms
bacterial microorganisms
no common name

1.5-2.7
0.5-6.6
4.3

Eukaryotae
Yeast
Worm
Insect
Allliual
Annual plimt/ angiosperm
Annual plant/ angiosperm
Perennial plant/ angiosperm
Forest tree / angiosperm
Forest tree/ anglosperm
Fores t tree / gymnosperm
Mammals / rodent
Mammals / primate

Saccharomyces cerevisiae 2
Caenorhabditis elegans 2
Drosophila rnelanogaster2
Arabidopsis thaliana 2
Oryza sativa 2
Zea
Lycopersicon esculentum
Eucalyptus 3
Populus 2
Pinus 3
Mus musculus 2
Homo sapiens 2

baker~ s

or budding yeast
nematode
fruit fly
arabidopsis
rice
maize
tomato
eucalyptus
poplars
pines
mouse
human

Number of species with completely sequenced genomes.
Species with completely or almost completely sequenced genome.
3 Data are based on several
1

2

'G::'
tJ
t:A:J

Prokaryotae
Archae
Bacteria
Bacteria

I~

I<.s.::

16
5/6
4
5
12

10

12
11

19
12
20
23

12
97
180

125
400
2,400-3,200
900
340-580
500
20,000-30,000
3500
3400

6

19.5
14
30.7
38.9
31-58
16-32
?

24-30
35
27-30
27-33

~fi;"
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nology should make it
in the near future.
various challenges are the
complexity and large size of conifer genomes. The size of the pine genome
(20,000-30,000 million
for
is 6 to 8 times
than the human genome
(3,400 million bp), and 150 to 200 times larger than the genome of
(125 million bp; Table 2).

Gene azs:co:uer'V and v r,V!n'~"'/1I sequence tag

(ESTPs)

An alternative to complete genome sequencing for discovering genes is being used in
trees and many other organisms, which is based on
only the DNA that
code for genes that are expressed in the genome. These sequences are called expressed
sequence tags (ESTs). They are partial or complete sequences of complementary DNA
(cDNA) obtained from mRNA isolated from different tissues and therefore represent
genes expressed in these tissues with often known or suggested function (Fig. 4). EST
sequences are compared to all other sequences in gene databases to identify matches
likely representing highly homologous genes. If there is a high similarity (homology)
to some other gene sequence whose identity has been determined, then the identity of
the EST can be immediately inferred. ESTs can be used as a source for identifying candidate genes for QTLs involved in genetic control of adaptive traits. Large libraries of
partial or complete sequences of thousands of expressed genes have already been
obtained, and large databases of EST sequences are available for many animal and
plant species, including several forest tree species, such as Monterey or radiata pine
(Pinus radiata D. Don.), loblolly pine3
spruce (Picea abies
Karst.),
Eucalyptus and Populus.
Expressed sequence tag polymorphisms (ESTPs) are derived from ESTs. Using EST
sequences polymerase chain reaction (peR) primers are
to amplify ESTs from
individual genomic DNA (HARRY et al.
Allelic polymorphism in the amplification product (ESTPs) can be revealed using different modern methods for detection
and visualisation of DNA alterations (KRrsTENsEN et al.
ESTPs mostly reveal genetic variation within genes, although variation can be
found in both coding and
of genes. Thus, ESTPs are the most informative markers in terms of gene function among the most recently developed one and
are the first genetic markers that offer real potential for detecting adaptive genetic
diversity

Physical and

whole genome

numerous

markers

Genetic linkage mapping is central to
It allows the positioning of genes and
genetic markers on a specific chromosome. There are two kinds of maps: physical and
genetic. Physical maps
the exact location of genes or genetic markers on chromosomes. These maps are either assembled from the complete genome sequences,

3

See
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Figure 4, The development of expressed sequence tag (EST) markers in forest trees that can be used
in comparative and candidate gene mapping, EST markers are derived from partial or complete
sequences of complimentary DNA (cDNA) libraries that obtained from messenger RNA (mRNA)
isolated from different tissues (for instance, xylem), EST sequences are submitted to gene databases
and compared to all other sequences in the databases to identify matches likely representing highly
homologous genes, Polymerase chain reaction (peR) primers based on the EST sequences are
designed to amplify these genes, If these genes are polymorphic and segregate in the experimental
population or progeny, they can be used in the genome and quantitative trait loci (QTL) mapping,
They are good candidate genes for QTLs,

BAC4 contigs 5, or based on in situ hybridization or other methods, However, as long as
the complete genome sequences of forest tree species are not available the alternative
approach is to develop genetic linkage maps by segregation and linkage analysis, Genetic maps identify the distance and order between markers based on the number of
recombination events between them, Genetic maps have been already constructed for
many different forest tree species using a variety of genetic marker types (see Table 1;
NEALE & SEDEROFF 1996, KRUTOVSKII et al. 1998, CERVERA et aI, 2000 for review), A complete sequence alone is not sufficient to understand the genetic control of adaptive

4

Bacterial artificial chromoSOlY,e (HAC): A chrorTtosmTle-like structure, constructed by genetic
engineering that carries large segments of DNA -100,000 to 200,000 bases - from another species
cloned into bacteria, Once the foreign DNA has been cloned into the host bacteria, many copies
of it can be made,
of a genome,
A group of clones representing
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traits. These traits are usually very complex, have quantitative inheritance and are controlled by many genes each with relatively small effects, which are called quantitative
trait loci (QTL). Genetic maps can be used to study the number, location and distribution of QTLs in a genome via their genetic linkage mapping with molecular markers.
Following this approach, a new genomic technique called QTL mapping has been relatively recently developed.

Analysis of genetic control of complex adaptive traits via quantitative trait loci (QTL) mapping
The method for finding and locating QTLs is called QTL mapping. The conceptual
basis of this method is comparatively simple but it requires relatively dense genetic
maps with evenly distributed markers covering the entire genome, appropriate statistical tools, and an experimental population of sufficient size segregating for both genetic
markers and phenotypic traits (e.g., PATERSON 1998). First, multi-locus genotypes (molecular markers) and phenotypes (quantitative traits) are measured on all individuals
of segregating population. Then, phenotypic values are statistically associated with
genotypic values, usually using multiple regression or maximum likelihood methods
to identify markers that have a strong association (joint segregation) with the quantitative trait. Such association can be the result of either tight linkage of the genetic marker
and QTL (i.e., because they reside in the same region of the chromosome) or direct
involvement of this particular marker(s) in genetic control of the trait. QTLs have been
already detected and mapped in forest trees for such adaptive traits as growth rhythm,
phenology, form, wood quality, disease resistance, cold hardiness, drought tolerance,
and others (see NEALE 1998, SEWELL & NEALE 2000 and NEALE et al. 2002 for review).
Once a QTL controlling an adaptive trait has been precisely mapped, it then may become possible to clone the gene underlying the QTL based solely on the knowledge of
its genetic map position and without knowing its function or DNA sequence. This is
known as positional or map-based cloning.
Numerous recently developed PeR-based markers (e.g., RAPD, AFLP, SSR, STS,
etc.) are used in QTL mapping (e.g., SEWELL & NEALE 2000 and NEALE et al. 2002 for review). However, many of these markers are either dominant or anonymous, and their
functions are unknown. There are three important aspects to consider when choosing a
genetic marker system for QTL mapping: the outbred nature of forest tree pedigrees
(1), the potential for comparative (2) and candidate gene (3) mapping. First, each parent of an outbreed pedigree is typically a different, highly heterozygous individual,
where the transmission of up to four different alleles must be followed from the parents to progeny. Therefore, multiallelic co-dominant markers are best suited to detect
the maximum number of polymorphisms found in the heterozygous parents. Second,
comparative mapping, both within and among species, is an important tool for relating results from different mapping experiments. Therefore a subset of the markers
used in a mapping experiment should be ortholog01.1S6 across pedigrees and species.

6

Loci in two species that have arisen from the same locus of their common ancestor.
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Third, to identify actual genes controlling a quantitative trait, genes with known or
suggested function should be used in QTL mapping. Complete or partial cDNA sequences (ESTs) allow now researchers to design ESTP markers that take into account
all these aspects and can be used for genetic mapping of the entire genome and for
measuring adaptive genetic diversity via QTL mappLng analysis (e.g., HARRY et al.
1998, TEMESGEN et al. 2001, NEALE et al. 2002). These are the most informative markers
for adaptive trait candidate gene mapping that is now used in animal and plant species, mostly agriculture stocks and crop species, to identify genes for different yield
and quality traits including also adaptive traits such as biomass,
rate, fecundity
and other reproductive traits, disease resistance, etc.

Candidate gene mapping of adaptive genes
Candidate gene mapping is based on the assumption that a gene with known or assumed function that may affect genetic control of a trait can be considered a 'candidate
gene' for this trait (e.g., GION et al. 2000, NEALE et al. 2002; WHEELER et al. 2005).
Furthermore, it is assumed that if this gene is also mapped to the same genomic region
as a QTL for this trait, then this gene is very likely to be this QTL that directly controls
the trait, although the likelihood depends on marker density, precision of QTL map
and genome size.
Large forest tree EST projects will identify and provide DNA sequences that give
researchers enough material to develop genetic markers for an unlimited number of
genes that can be used as a source of possible candidate genes to target particular
adaptive traits (TEMESGEN et at. 2001, NEALE et al. 2002, WHEELER et al. 2005). Different
subsets of specific EST markers can be used in mapping adaptive gene. For instance,
EST markers derived from genes that are supposedly related to the cell defence mechanism can be used to map QTLs controlling disease resistance; EST markers derived
from genes that are involved in the wood formation can be efficiently used in QTL
mapping of wood related traits, etc. If function of genes used to derive ESTs is
unknown but they represent cDNA isolated from a specific tissue or obtained from the
cells that undergone a specific treatment, they still can be used as candidate genes in
QTL mapping. For instance, heat shock genes expressed during experimental heat
stress can be used to map genes related to drought resistance. The use of such meanmarkers as ESTs directly in genetic mapping makes analysis of adaptive variation more efficient and focused. In addition, highly efficient and sensitive methods are
now being developed to detect allelic differences between these genes that can be used
for mapping (e.g., SNP
Identifying candidate genes for QTLs controlling adaptive traits in trees would
ultimately provide the diagnostic tools to screen
amounts of wild germplasm for
individuals carrying alleles worthy of conserving. The challenge is to identify DNA
polymorphisms within candidate genes that will distinguish alleles and then associate
alleles with differences
phenotypes. This can be accomplished through SNP
discovery and association
The approach is to identify SNPs within regions of
candidate genes involved in the control of a
to genotype a large number of individuals from the natural
at these
and to test for associations betvlleen
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SNPs and phenotypes. This approach will soon be available for application in forest
tree conservation programs because of the intensity and progress of research and development activities.

Comparative

fHUVU,'''"

of adaptive genes

Comparative mapping is one aspect of comparative genomics and another very promising genomic approach for discovering adaptive genes. It takes advantage of high
similarity in gene location in chromosomes of closely related species and applies it
across different species to search for functional genes and their genomic organization.
Comparative mapping in various species has shown that gene content and gene order
are conserved over long chromosomal regions among related species of animals or
angiosperm plants. These results strongly suggest that similar studies can be
effectively done in the forest trees. The genetic maps of closely related species can be
directly compared due to synteny
co-occurrence of two or more genes on the same
chromosome) among the genomes of these species. Indeed, the high levels of co-linearity among, for instance, pine species
(e.g., BROWN et al. 2001, CHAGNE et al.
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each with its own regional economic and ecological distinctions. Comparative genetic
mapping in pines and other conifers follows this paradigm, focussing not only on the
creation of individual species maps but also on the consensus maps to identify the
genomic locations of genes affecting quantitatively inherited adaptive phenotypes,
resistance to pathogens, and other biological and physiological characteristics.
Comparative mapping is possible if orthologous7 genetic markers have been mapped to each of the species maps to be compared. Orthologs are genes that have
descended from a common ancestral locus, whereas paralogs are loci that have originated by gene duplications within an individual species.
Most of the anonymous markers
RAPD, AFLP, and SSR) cannot be used for
comparative mapping because they are not orthologus among species. Genetic markers that are based on genic DNA sequences, such as RFLPs and ESTPs, are more suited
for comparative mapping. For example, RFLP loci from both Pinus taeda and Pinus
radiata have been used to construct comparative maps between these species (DEVEY et
al. 1999). However, because RFLP markers do not easily distinguish between orthologs
and paralogs and because they are difficult to apply, they are unlikely to be used widely for comparative mapping. ESTPs are the most useful markers for comparative mapping and have been already used in genetic mapping in conifers (TSUMURA et al. 1997,
PERRY & BOUSQUET 1998, CATO et al. 2001, TEMESGEN et al. 2001). ESTPs reveal orthologs among species and only occasionally paralogs. ESTP markers from Pinus taeda
have been used to construct comparative maps for this species and slash pine, Pinus
elliottii Engelm. (BROWN et al. 2001), maritime pine, Pinus pinaster Ait. (CHAGNE et al.
2003), Scots pine, Pinus sylvestris L. (KOMULAINEN et al. 2003) and Douglas-fir,
Pseudotsuga menziesii (KRUTOVSKY et al. 2004; see also NEALE & KRUTOVSKY 2004 for
review).

Bioinformatics and genomic databases
The highly efficient, fast and productive technologies of genomic studies enable the
collection of overwhelming amounts of data. The primary genomic data types are
DNA and protein sequences, genetic mapping data and data resulting from functional
analysis. Much of the data are freely available to the public via the Internet and WorldWide-Web (WWW). Everybody benefits from public access to the genomic databases,
but especially researchers with a small research budget who can still do efficient computer data analysis and gene discovery. The National Centre for Biotechnology Information (NeBI) in the USA and European Molecular Biology Laboratory (EMBL) in
Europe are the primary sites for DNA sequence databases and DNA sequence analysis
tools. The primary databases are called GenBank and EMBL. They also provide on-line
access to the BLAST (Basic Local Alignment Search Tool) programs, which are the
primary tools used to search the databases and identify matches among sequences.

in DI\IA or protein sequences between different species due to common ancestry.
when
Describes the evolutionary origin of a locus. Loci in two species are said to be
have arisen from the same locus of their conanon ancestor.
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The primary repository of forest tree genomic data is the TreeGenes Database that is
maintained by the Dendrome Project at the Institute of Forest Genetics; Davis, California (http://dendrome.ucdavis.edu). TreeGenes contains a variety of data-types and is
an object-oriented database that allows complex queries and searches. Through the use
of databases and bioinformatic tools, it is possible to perform experiments in silica and
begin to understand all the complex relationships among genes and how they work
together to determine adaptive phenotype.

Conclusions
The study of adaptation is fundamental to forestry and forest genetic conservation.
Forest geneticists have long used common-garden experiments and, to a lesser extent,
molecular markers to study patterns of adaptation in forest trees. Phenotypic assessments are time consuming and expensive, and provide no information about variation
in the genes controlling adaptive variations. There are numerous molecular marker
technologies available, but most measure either neutral or highly conservative genetic
variation of limited adaptive value. There is a need for developing rapid and informative diagnostic techniques for evaluating large numbers of adaptive genes and prospective trees for in situ conservation. Genomics provides new tools to study adaptation in trees. Forest geneticists can use automated, highly efficient, fast and productive
technologies to determine DNA sequences and to genotype large numbers of individuals. They can ultimately identify genes responsible for forest tree adaptation via EST
sequencing, QTL and candidate gene mapping. Then, using modern genotyping technologies and association studies they can determine allelic diversity for these candidate genes in forest tree populations and directly measure adaptive allelic diversity for
thousands of genes simultaneously.
Despite remarkable progress much work remains to be done to understand the
nature of genetic variation that underlies adaptive forest tree phenotypes. Comprehensive understanding will first require discovering, annotating and cataloging all genes
in the forest tree genome. One approach towards achieving this goal is to determine
the DNA sequence of the entire genome and infer the genes from the DNA sequence.
This approach is currently not feasible in all forest trees because of their large genome
size, but Populus - with a relatively small genome size - can serve as a model species.
An alternative (or parallel) approach is to determine the DNA sequences for the genecoding regions only. This can be accomplished by isolating mRNA, preparing cDNA
libraries from this mRNA and sequencing cDNA. These EST sequences are submitted
to databases and compared to all other sequences in the databases to see if they match
to genes whose function has been determined. EST databases of tens of thousands of
ESTs have been already produced and are publicly available for Pin us, Picea, Populus,
and Eucalyptus.
The second step towards understanding adaptation involves construction of genome, QTL, comparative and consensus linkage maps for most £oresttree species (e,g.,
SEWELL et al. 1999). Genetic maps show the position of genes and are valuable for understanding genome organization and evolution. Maps are extremely useful tools for
identifying genes controlling interesting phenotypes. Loci controlling quantitatively
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inherited traits, so-called QTLs, have been already identified in many forest trees for a
variety of growth, wood quality, and other economic and adaptive traits. These data
are immediately useful for tree improvement and genetic conservation.
DNA micro array analysis can be used to study the expression patterns of
genes, and to understand the function of all genes and their interactions. The relationship between the vast amount of allelic diversity in genes and the array of different
phenotypes found in forest tree populations can be studied. A catalogue of common
coding-sequence variants in forest tree genes can be created and tested for association
with a phenotype. Genoffle-wide high-resolution maps of known polymorphisms can
be used to scan the genome for marker-adaptive trait associations.
The analysis need not be limited to coding sequences. It may be that the majority of
relevant mutations reside in regulatory regions. Thus, it is important to identify variants in at least the proximal and distal regulatory sequences as our poor understanding of 'regulatory' elements dictates the need for a more global approach. An approach
in which marker-trait associations are sought will require the construction of a highresolution map of genetic variants. SNPs are the natural candidates for this map because they are abundant, have a smaller mutation rate than microsatellites and can be
genotyped en masse using microarray technology.
A map-based association search for multiple adaptive loci, each contributing to the
total phenotype in a small yet measurable way, is feasible via haplotype analysis. The
alleles of these loci can be indirectly recognized by their historical associations with
other genetic variants (e.g., SNPs) in their neighbourhood. The non-random association
of variants with one another (linkage disequilibrium) is a well-known feature of the
plant and animal genomes. DNA microarrays will have a major role in genotyping
thousands of genes simultaneously, in the creation of fine maps and in mapping the
components of complex adaptive phenotypes. Forest genomics has a bright future and
awaits exiting applications in forest tree management and genetic conservation.
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Seledion of target species and sampling for genetic
resources in absence of genetic knowledge
G. Eriksson

Introduction
Separate design and implementation of genetic conservation programmes for individual species are unlikely owing to the huge number of tree species. For this reason it
may be useful to examine ways to select species. Selected species are usually referred
to as target species. Another concept that is frequently used in discussions of genetic
conservation is associated with keystone species. This type of species is of importance
for the continued survival and well-being of many other species, which are referred to
as associated species. There is no dear-cut border between keystone species and associated species. Even if target species are selected, too many species may still remain to
make individual genetic conservation programmes feasible. Strategies for grouping of
species may be required such as was done for noble hardwoods within the European
Forest Genetic Resources Programme (EUFORGEN) network (ERIKSSON 2001).
Many analyses of the optimum strategy for sampling of populations for genetic
conservation of crop plants were presented even before genetic conservation in forestry had been discussed (e.g., FRANKEL & HAWKES 1974). In conservation of crop genetic resources the focus is on saving alleles that may be of value for future use in
breeding whereas conservation of forest genetic resources has safeguarding of the
potential for adaptation as its prime objective. Besides, the long-generation time of
most forest tree species requires another sampling strategy than for mostly annual
crop species. The absence of genetic knowledge about adaptive popUlation differentiation for most noble hardwoods called for an attempt to develop a sampling strategy
for these species (ERIKSSON 1998).

Target species
Selection of target
economic
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is often based on charisHlatic,
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or socio-
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The conflict between foresters and conservation biologists around the conservation
of the spotted owl in the north-western Americas involves one of the most spectacular,
charismatic species, A
it may be assumed that the cost of saving individual species would drain resources from conservation of a
number of species. Since the
last decade of the previous century ecosystem conservation rather than conservation
of individual species, has been widely promoted. However, charismatic species have
probably contributed to fund raising for conservation, so they may serve as a means to
broaden conservation activities (SOULl~:
Conservation of many charismatic species may frequently be a salvage of the species as well. It is understandable that many
conservationists focussed on endangered or threatened species in their conservation
efforts. The American chestnut (Castanea dentata [Marsh.] Borkh.) is a good example of
a seriously threatened species, which urgently needs to be saved since it suffers severely from the chestnut blight disease (Cryphonectria parasitica [Murrill] Barr.).
It is quite natural that geneticists favour selection of target species on scientific
grounds
FRANKEL 1983). With respect to speciation, genera with large speciation
during recent time constitute one extreme while genera with just one species constitute the other extreme. The latter type of species would be of value to conserve since
such a species may have unique genetic constitution. However, ERWIN (1991) dismissed the idea of conservation efforts on 'living fossils', which he regards as doomed
to extinction. Instead, he suggested concentration of the efforts on actively evolving
species, for which he saw a higher probability of success in the conservation efforts.
The reason for this would be that species in such a genus should be equipped with a
large adaptability. This is not easy to verify (see p. 199 H., this volume). Selection of
target species based on ecological characteristics might also be regarded as a 'scientific' selection. Pollination pattern (wind or animal vectors), type of distribution (wide
or limited; continuous or scattered), and behaviour in the ecosystem as climax or pioneer species, are examples of the characteristics that can also be used for selection of
species. VARELA and ERIKSSON (1995) argued that ecological keystone species should
be targeted for conservation since a proper genetic conservation of such species would
probably also guarantee conservation of the species associated with them. The
designation of a species as a target species based on scientific grounds is not a simple
task since we lack so many genetic facts and data.
Since the pressure on forests is expected to increase considerably, especially in the
developing countries, there is an urgent need to concentrate the conservation efforts
on tree species of present and future economic value. NAMKOONG (1986) presented
one sensible classification on economic grounds, in which he separated between species of cornmerciat potentially commercial and non-commercial use.
A combination of soda-economic and ecological reasons for selection of target tree
species is likely the most sensible. In countries with net growth of their forests the
socio-economic grounds for selection of target species may be alleviated to the benefit
of other
for selection.
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Grouping of species
'Whether a species is included in long-term breeding activities or not is a useful first
grouping criterion
In the Nordic
for instance,
of
Picea abies
Karst. and Pin us
is both intensive and long-term, comprising most of their distribution in these countries. This means that the genetic conservation is guaranteed within the breeding programme of these species.
The EUFORGEN Noble Hardwoods network has focussed on grouping of species
since there are 25 tree species listed as mandate species of this network (ERIKSSON
2001). The first criterion for grouping of the Noble Hardwoods is abundance of the
species. It is based on the assumption that
will harbour less
additive variance and
having lower
than
occurring species. As a corollary of this assumption, the methods for conservation of
rarely
species will differ from
occurring
The network has
come to the conclusion that measures should be taken to increase the effective population size, Ne; of rarely occurring species. Species with recent rarity should be given
priority among the rarely occurring tree
Far-reaching fragmentation caused by
human activities is one example of recent rarity.
The next grouping level is the mating system, i.e. whether the species is wind-pollinated or whether insects or other animals are pollen vectors. A large number of
isoenzyme studies on among- and within-population variation in tree and other plant
species were carried out. These studies show that the ratio between within-population
and among-population genetic variation is on an average larger in wind-pollinated
species than in species with animals as pollen vectors
GOVINDARAJU
Behaviour in the ecosystem - pioneer, intermediate and climax - is still another level
in the grouping of species. Pioneer species typically invade newly opened areas; which
are comparatively uniform. A pioneer species would benefit from a more limited
within-population variation than a climax species, which faces less uniformity during
its grovvllL If a genotype of a pioneer species has a
adaptedness to a specific site
condition then it would be advantageous for this species to
on this genotype.
Therefore, vegetative propagation of this genotype such as is the case for the weed
species Taraxacum
Schrank would be advantageous. It should be noted that a
species might behave like a pioneer under certain conditions and like a climax or intermediate species under different environmental conditions.

Capturing adaptedness
Sampling of the existing
is a central element of any forest genetic conservation progranlme. The sampling of the
adaptedness may be simple if all
variation is included within every population and not between them. Then, conservation would
have to ensure that sufficient
sizes are included and any
one population or any mixture of
would be as good as any other for those
purposes.
if variation exists among
the
and
design of population
as vveH as sample sizes within them, becomes an issue.
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Therefore, the existing variation in adaptedness should be looked upon as a means to
capture maximum variance rather than as a final goal of conservation. The sampling
of the present state does not necessarily oblige a conservation programme to freeze the
available structure but should instead be regarded as a starting point for continued
evolution (ERIKSSON et al. 1993).
For the majority of tree species there are limited or no hard facts on among-population genetic variation in adaptedness. This means that sampling at best will be informed guesses about existing structure. The main purpose of this paper is to discuss
how such guesses might be derived from expected among-population genetic differentiation, with the main emphasis on random mating populations.

Evolutionary factors
The effects of the evolutionary factors: mutation, genetic drift, natural selection, and
gene flow are discussed in more detail in the (see p. 199 ff., this volume). It is widely
known and documented that gene flow is a strong factor to prevent fixation of neutral
alleles. Similarly, genetic drift is a strong evolutionary factor in small populations,
though unlike gene flow it causes fixation of alleles. According to a survey on the
strength of natural selection in the wild, ENDLER (1986) found that natural selection
could vary from weak to as strong as in breeding. Mutation frequencies are mostly
regarded as being low at individual loci amounting to approximately 10-5 per
generation. However, the pooled mutation frequency at loci influencing a trait may be
considerably higher 10-2-10-3 (LANDE & BARROWCLOUGH 1987). KARKKAINEN et al.
(1994) reported a mutation frequency for chlorophyll mutants in Pinus sylvestris of 10-2
based on data published by ErCHE (1955). Phenotypic plasticity is another evolutionary
factor, which might be regarded as a disguise of the genotype. It has not been
discussed much as an opposing factor to natural selection.
The factors promoting and constraining among-population differentiation are visualized in Fig. 1. In most cases, natural selection within a population is stabilizing,
which will result in a sharpening of differences among populations at the species leveL Therefore, natural selection at the species level will be experienced as disruptive.
The reason for this is that the phenotypes with highest fitness will vary among populations.
The action of these factors on within-population variation is illustrated in Fig. 2.
The gene
the genetic drift and inbreeding constitute the factors making up the
mating pattemo The latter is defined as the matings realized in the population. The
mating pattern creates the raw material that the stabilizing natural selection can act
upon. Gene flow brings in migrants from other populationswith other allele frequencies and is the only factor that causes an increase of the genetic variation within a population. Similarly, new mutations will increase the within-population variation. Note
that in Fig. 1 it is assumed that mutations increase the differentiation among populations. The contradiction that might appear from a comparison of Fig. 1 and 2 is
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Selection

Figure 1. Schematic illustration of the
evolutionary factors that tend to increase and
decrease the differentiation among
populations. Natural selection should be
understood as disruptive selection among
populations.

Components o'f the ma.ting pattern
Figure 2. Schematic illustration of the
evolutionary factors influencing the genetic
variation within a population. The mating
pattern, defined as the zygotes formed in a
particular population, is a consequence of gene
flow, genetic drift, and inbreeding in that
population. The
pattern creates the raw
material that may be changed by stabilizing
natural selection among populations.

due to the assumption that individual mutations are of such a low frequency that
djfferent pop-ulatio11S ,vill get different IllutationB. Ir~ tIlis ""V ay tiley vvill contrib-ute to a
very small extent to
simultaneously each nevv mutation
Twill increase the genetic variation within a popUlation.

Random
In populations with a large effective population size the effect of genetic drift is
gible. Nor will mutations influence the structure to any great extent in large populations, Therefore, the focus of the discussion is on the interaction between disruptive
natural selection and gene flow in development of among-population
diffel'entiation. Some comments on phenotypic plasticity are given,
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Selective environmental
A prime prerequisite for among-population differentiation is that the environment
occupied
Et
is experienced as
this species. Without heteroO"Dr,,,,tu there will be no difference in
phenotypes within this area. A second
prerequisite is that there is some consistency in this heterogeneity over generations.
Otherwise; natural selection would favour different phenotypes in different generations. The concept of selective environmental neighbourhood (SEN) introduced
BRANDON
is useful for a discussion of this prerequisite. Within a SEN there are
no ranking changes of the genotypes with
to
a degree of
homogeneity to a SEN. Thus several SENs are
for among-population differentiation.
selection within each of several populations in different SENs
will be experienced as disruptive selection among
(ERlKSSON & EKBERG
Besides, the geographic extension of SENs over generations must not vary too
much otherwise natural selection will cause shifts in different directions during different generations.
A SEN should be regarded as a genetic delimitation rather than a geographic one,
which means that a SEN may contain non-contiguously growing populations. As one
example of
populations at each of the two
of a valley may physically not
grow
to each other but still be
of one SEN. As the environment changes
the physical
of a SEN may
or even merge with another SEN. One physical population constituting one
SEl'J remains so until environmental
cause ranking shifts of fitness in this
It should be noted that SENs are trait
specific. Within a certain geographic area, one trait may contribute to fitness whereas
another does not. In another area, both traits may contribute to filTless and the SENs
for the two traits may in the extreme case be identicaL Thus, different traits may have
different numbers of SENs within a
Differences in the
area of different SENs among traits are dependent upon the contribution to fitness of the trait and
its correlation with other fitness
traits. The trait
of SEN is a
great advantage of this
cmnpared to
which is understood as a
area with some unique characteristics and valid for all traits. Below some
examples 'Nill be
in vvhich SENs vvithin a region vary dependent on the trait.
With high probability, a wide climatic distribution of a species will give rise to
numerous SEI\Ts and
to different climatic zones (=
differentiation) may take
Other abiotic and biotic elements of site conditions may
also be suspected to
rise to different SENs,
much less is Imown about
adaptation to such environmental variables
JONSSON &r ERlKSSON
VVEISER
In
a prerequisite for a
to consist of one
SEN is that it
grows under
conditions both in space and time.
As long as there is additive variance for fitness of a
natural selecmay cause a trait differentiation
inllabiting different SENs. A
large difference between hvo SENs will
rise to a stronger disruptive
than when the difference is smalL Even if there are large differences and
tive variance is present, among-population differentiation may be absent
substantial gene flow among individuals of different SENs.
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Gene flow among different selective environmental neighbourhoods
If there is no mating contact among
divergent populations, evolution can
be expected to eventually lead to speciation, but with complete inter-mating, every
generation would re-establish the original Hardy-1Neinberg frequencies regardless of
the intensity of selection. For most forest trees, however, populations are neither completely isolated nor completely inter-mating, and in these cases, the outcome of the
balance between selection and migration is not clear. When the population structure is
one in which a very large central population (a continent) exists and small islands are
attached by isolated migrants only to that continent, it does not take more than one
migrant per generation to prevent strong divergence from evolving. However, if populations are only partially isolated, and particularly if migration is limited to only a
few adjacent populations of similar size (a stepping stone model) then the same exchange rate may allow a wide distribution of allele frequencies to evolve among the
populations even if no speciation occurs (HEDRICK 1988). Even if selection was not
divergent among the populations, local mutations might still lead to the existence of
genetic variations if migration was at a low rate (PHILLIPS 1996). Forest trees might
also differ among the sexes in their rates of migration, with sometimes, pollen or seed
being less mobile than the other, and the effect of the less mobile sex may allow for
more variations to evolve than if an average migration rate were computed (GREGORIUS & NAMKOONG 1983, NAMKOONG & GREGORlUS 1985).
The consequences of inter-pollination among different SENs are discussed with the
aid of the schematic illustrations in Figs. 3-5. An example for a species with a continuous distribution is given in Fig. 3. Pollen of wind-pollinated tree species may be transported over large distances (> 10 km according to KOSKI 1970). The share of such distant pollen in the formation of a new generation in a SEN might be considerably less.
Since inter-mating among different SENs in many cases is a strong and preventive
factor operating against genetic differentiation, the mere occurrence of swamping of
pollen from other SENs may prevent or strongly reduce the among-population differentiation even if there are several SENs. Therefore, the degree to which there is interpollination among different SENs will be important for the possibility to develop
among-population differenceso Transfers of seeds and other propagules will also reduce the possibilities for differentiation. It is therefore relevant to introduce the concept of a zone of shared gene pool (ZSGP). ZSGP will mostly be different from
and
may vary from one extreme of total random mating within the ZSGP (ZSGP =
to
exchange of one single migrant among different subzones of a ZSGP. Therefore, the
strength of the gene flow (SGF) among SENs will influence the amount of differentiation that may take placeo The degree of genetic differentiation will depend on the
strength of the two counteracting factors, disruptive natural selection and gene flow.
If the trees in the seven SENs of Fig. 3 can be regarded as members of one ranZSGP = Ne), then natural selection must be extremely
dorllly mating
for
strong to give rise to among-population differentiation. A contrasting case is
a
with a scattered distribution in Fig. 4. In this case the two
(SENl
and SEt>n) are
at some distance from each other and there is no exchange of
pollen or propagules between the two SENso Such a situation is a good starting condi397
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Border for the zone of
shared gene pool

Border for the
zone of shored
gene pool
(ZSGP)

Figure 3, Schematic illustration of 7 selective
environmental neighbourhoods, among which
there is free intermating.

Figure 4. Schematic illustration of 2 selective
environmental neighbourhoods, between
which there is no intermating.

tion for specific adaptation to varying site conditions. A situation intermediate to the
two described above is shown in Fig. 5. This is the situation for many wind-pollinated
and continuously distributed species where there is an overlap of the zones of shared
gene pool along an environmental gradient. This would in itself favour the development of dinaI variation and isolation
distance
In lowland
rain forests it is very likely that a SEN covers a huge area. Within this area, species that have a few sexually mature individuals per hectare, may be
characterized
a meta-population structure with most of the pollinations within
each subpopulation. If each subpopulation is small, Ne <
this may
lead to pronounced allele fixation
genetic drift.

Phenotypic plasticity
A species with a short
turnover can respond to
directions of selection
adaptation via natural
presupposed that the species contains enough
additive
variance. On the other hand a species with a long generation turnover
cannot during its lifetime respond to the multitude of directions of selection that the
environment may provoke.
it is probable that a certain
of phenotypic
would be evolutionary advantageous (Fig.
If the situation for a tree is that
of Fig. 3, the tree might
its genes over an seven SENs. Then it would be an advantage for that tree, teleologic ally speaking, to
rise to a progeny that performs
well in all SENs, i.e. to have a large phenotypic
In other vlOrds
plasticity confers fitness to its carrieL The larger the gene flow the higher the probability that phenotypic
would confer fitness in species with long generation
turnover.
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Figure 5. Schematic illustration of 4 selective environmental neighbourhoods along an ecological
gradient with intermating among adjacent selective environmental neighbourhoods.

Differentiation in species with large random mating populations
In Table 1 the outcome with respect to among-population differentiation and withinpopulation variation at different cornbinations of gene flow and among-population
disruptive selection is schematic ally summarised. At limited gene flow and weak
selection there may be some
among-population differentiation
Phen(ltypic plasticity
for random reasons (cell
A
strong among-population selection
will occur if limited gene flow is
combined with large differences
among the SENs occupied
the
species (cell 2). This is the case for
the situation depicted in Fig. 4 and
A nnual species
to some extent also for Fig. 5. The
condition for this is merely that
there are large differences among
Strength of gene flow
the SENs. The result in cell 3 is
Strength of disruptive selection
obtained if there is a substantial
gene flow among
illustration of the
without
an accompanying disrupand short-time
tive among-population selection,
i.e. there will be
one SEN.
When both the gene flow is sub399
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Table 1. Schematic presentation of the among-population differentiation and within-population
variation in large random-mating populations at different combinations of strong and weak
disruptive among-population selection at limited or substantial gene flow, respectively.
Disruptive among-population selection
weak

strong

limited

1. Some among-population
variation due to random
reasons

2. Large among-population
differentiation

substantial

3. Very limited amongpopulation differentiation and
a large within-population
variation

4. Some among-population
differentiation and a large
within-population variation

Gene flow

Box 1. Ecoc1ine and ecotype.

EcocZine, a continuous change of population means along an ecological gradient attributed to
changes in allele frequency
Ecotype, group of individuals within a species with a certain adaptedness to the conditions at
a speGific site.

stantial and the disruptive selection is strong we may obtain some among-population
differentiation accompanied with a large within-population variation caused by the
strong gene flow (cell 4). The table depicts extreme situations in this 2 x 2 factorial
combination. In nature the situation may be less extreme and many species will take
intermediate positions.
The counteracting factors gene flow and disruptive among-population selection
(Fig. 1) are of great significance for the development of clinal or ecotypic variation. G.
Turesson was probably the first to use the term ecotype for plants with specific
adaptedness to certain site conditions (TURESSON 1922). The combination in cell 2 of
Table 1 is a good condition for development of ecotypes within a species while the
combination in cell 4 is a good condition for ecoclinal variation.
G. Turesson studied many perennial plants growing under strongly different site
conditions. Since there was no or very limited gene flow among the sites, he found
certain 'rock ecotypes' and 'meadow ecotypes'. These ecotypes kept their characteristics when cultivated outside their natural habitats. This suggests that adaptation to the
different site conditions had taken place. The studies in California by Clausen and his
co-workers are classical (CLAuSENet al. 1940), in which it was shoWn that the plants
kept their performance after transplantation at other site conditions than at their origins, are other good examples of ecotypic differentiation. The most thorough discussion of the controversy between ecotypes and ecoclines was carried out by O. Langlet
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in his classical paper A dine or not a dine - the
of Scots
in his dissertation on variation in
matter among
of Pinus
Q1J17)p':otrlQ during autumn
he showed a clinal variation, Therefore, it is
not appropriate to talk about ecotypes in species such as Pinus
Picea abies
and many other wind-pollinated species in situations where they occur with a wide
and continuous distribution.
Informed guesses about the relationship between the strength of disruptive selection and gene flow in a species can be obtained from its type of distribution and type
of pollination, A wide distribution as compared to a limited distribution mostly means
that there are several SENs, especially when the distribution covers a broad span of
climatic conditions, The gene flow is also dependent on the type of pollen vector.
Wind-pollinated species will on an average disperse their pollen over wider areas than
species with other types of pollen vectors since the
dispersal by insects, bats
and birds is assumed to be over shorter ranges. If there are physical obstacles between
disjunct populations, then it will result in reduced gene flow among populations.

Species with assumed large random mating populations
Some examples from tree species are given to illustrate observations about amongand within-population variation, Pine and spruce species are wind-pollinated with
flights over wide areas (KOSKI 1970, SAVOLAINEN 1991). Many
also occupy wide, continuous, and climatically variable areas, which would indicate firstly
that they have a large number of SENs and secondly that the gene flow is considerable
among different SENs. In agreement with this, estimates of
are high amounting to
several thousand trees (SCHOEN & BROWN 1991, YANG & YEH 1995).
Of particular interest is the investigation of among- and within-population variation in Pinus sylvestris in Finland by KARHU et aL (1996) since it treats one adaptive
bud set, and several molecular markers in the same populations. There was a 21
difference in bud set between the most southern (lat
and the most northern
population (lat 70°). All the molecular markers showed limited among-population
variation while the
was large. REED and FRANKHAM (2001) ana71 data sets, in which markers and quantitative were studied simultaneously.
concluded that ' ... molecular measures
have
a very limited
to
. The absence of strong relationships between molecular and quantitative traits was foremost attributed to the selection that
influences quantitative traits.
The results presented clearly demonstrate that the number of SENs varies from
trait to trait. Isoenzymes,
and RFLPs and other markers are assumed to be
neutral (KIMURA
It should be noted that there are several reports suggesting
that isoenzymes not
are neutral
HATTEMER 1994). For neutral traits there
is just one SEN and thereby no disruptive selection for them. Since Picea abies and
Pinus
have a substantial gene flow among populations, one
that the
neutral traits will occupy a
close to the line 1-3 in
7, For random reasons
there will be some
variation among populations and the
position will
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not be at position 1, which
is the first expectation.
Pinus sylvestris in the
northern part of its distribution in Sweden (latitude
61-68°) shows a steep
clinal variation in tree
survival (Fig. 8, ErCHE
1966). For trials in this part
Strength of
disruptive
of Scandinavia transfers in
selection
northern direction and to a
higher altitude cause an
increased plant mortality
Strength
of gene
compared to the mortality
flow
of the local population.
Figure 7. Schematic illustration of the expected among- Contrary to this, transfers
population differentiation as a result of interaction between gene southwards and downflow and disruptive natural selection. Random mating and a wards increase the surcertain stability of the selective environmental neighbourhoods vival with approximately
over generations are assumed.
10 percentage units per
degree of transfer or a
transfer of 300 meters in elevation (ERIKSSON et al. 1980). This simple relationship between geographic origin and survival in Pinus sylvestris must be attributed to the topography of Sweden with a mountain change mainly in north-south direction, which
means that the climate gradually changes from south to north and from low elevation
to higher elevation.
There is also a large within-population variation in survival (ERIKSSON et al. 1980).
At different latitudes an adaptation to a growth period that matches the climate at this
latitude is taking place. This matching is to the largest extent exerted by the
photoperiodic conditions at different latitudes. The night length triggers the onset of
hardening. With a too late onset of hardening the trees suffer from severe frost damage. The observation on survival in Pinus sylvestris fits the anticipation that the amongpopulation variation in survival would be large since a strong disruptive selection
counteracts the swamping of pollen into several different SENs (position 4 in Fig. 7).
The disruptive selection thus causes a clinal variation of the means of the populations.
The large variation within the populations could mainly be explained by swamping of
pollen among populations (position 4 in Fig. 9). This figure is a mirror image of Fig. 7.
Thus, when there is a high value in Fig. 7, there is a low value in Fig. 9, and vice versa.
In Sweden south of latitude 59°, there is good survival among all Pinus sylvestris
populations (JOHNSSON 1971). With respect to survival, there is probably just one SEN
in this part of the country, which explains the absence of variation in this trait (below
point 3-in Fig. 7). In contrast, there is-a clinal variation in stem volume all over Sweden
(JOHNSSON 1971, ERIKSSON et al. 1980). Again, there is an adaptation going on of the
duration of the growth period to different latitudes. The night length triggers the
growth cessation. Less total growth is accomplished during a short growth period
Among-population
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tv10rtality
1

o

Altitude [m]
Figure 8. The percentage of plant mortality between the years 1956-1973 of the populations tested
in a field trial at Nordanas Lat. 64 and 400 m asL The populations showing a lower mortality than
the local population are shown by black columns. The locations of the populations in the grid
indicates the transfer made in latitudinal and altitudinal direction. Columns below the bold
horizontal line were moved in northern direction while those above this line were transferred in
southern direction. Columns to the right of the bold diagonal axis were transferred to a higher
elevation and those to the left to a lower elevation.
0

Ratio withiniamongpopulation differentiation

Strength of disruptive selection

Strength of
gene flow

Figure 9. Scherllatic illustration of the expected within- to
among-population variation. Random mating and a
certain stability of the selective environmental
neighbourhoods over
are assumed.

than during a long growth pe
riod. This means that for growth
we have different SENs not
in northern Sweden but also in
the southern.
In Picea abies steep dines
have been reported for bud
flushing (ERIKSSON et al. 1974),
bud set (HOLZER 1966, DORMLING 1979) and stem volume
(PERSSON & PERSSON 1992), as
well as large within-population
variation for growth and growth
rhythm traits (EKBERG et al.
1985). It is probable that there
are several SENs for each of
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these traits. In spite of a large gene flow among SENs the disruptive selection has
caused a population differentiation (point 4 in Fig. 7) accompanied by a large withinpopulation variation (point 4 in Fig. 9). The latter must be attributed to pollen swamping.
Several conifer species from North America show similar results to those found for
Picea abies and Pinus sylvestris from the old world (CONKLE 1973, REHFELDT 1970, 1980,
1982, CAMPBELL 1979). There are a few exceptions, Pinus monticola Dougl. ex D. Don
and P. resinosa Ait. being two of them. In P. monticola most genetic variation in growth
and phenology traits remains within populations and only small differences are found
among populations, though with a sharp boarder between south and north in central
Oregon (CAMPBELL & SUGANO 1989 and literature cited). Similarly, there is some variation among populations of P. resinosa without a clear clinal pattern of variation (OVERTON & JOHNSON 1985 and literature cited). These species are expected to have a position close to point 4 in Fig. 7 but P. resinosa is close to point 3 and P. monticola is located
close to point 3 on the line 3-4 in Fig. 7, and point 3 in Fig. 9.
As regards P. monticola, CAMPBELL and SUGANO (1989) discussed a few evolutionary explanations for the limited among-population variation for a large area of its
distribution in north-west U.S.A. They rule out phenotypic plasticity as the major reason for this since the large genetic variation among trees should contradict such an
explanation. Another possible explanation is that the species does not experience the
environment as heterogeneous; with the terminology of BRANDON (1990) there is just
one single SEN for the species north of central Oregon (position 3 in Fig. 7). In support
of this it seems to occupy a specific habitat and is evidently out-competed by other
species in other habitats. Still another explanation would be that the environment
changes strongly over time preventing any stabilizing selection within certain areas.
SENs thus should vary strongly over time. However, it remains to be proven why P.
monticola experiences the environment as very variable while other conifers experience
the same environment as stable. SENs thus should vary strongly over time. However,
it remains to be proven why P. monticola experiences the environment as very variable
while other conifers experience the same environment as stable.
P. resinosa grows pre-dominantly on xeric sites in a band approximately 700 kilometers wide from south-eastern Manitoba and Minnesota to the Atlantic coast. The
east-west distribution of the species covers different climatic zones which presumably
should give rise to several SENs. As a consequence of that one would expect adaptation to
these different SENs as long as large random mating populations exist. It has repeatedly been reported that it has low genetic diversity (see MOSSELER 1995) and the species does not suffer from much inbreeding depression (FOWLER 1964, 1965). This has
given rise to speculations that the species has passed through several bottlenecks after
the last glaciation and in this way lost genetic diversity. However, as stated by OVERTON and JOHNSON (1985) P. resinosa is not devoid of genetic variation in quantitative
traits but the variation is less than in other comparable pine species. One possible explanation for the limited genetic variation is that SENs of this species do not differ as
much as for other species. The fact that P. resinosa predominantly grows on xeric sites
(MOSSELER 1995) supports that view. The larger genetic variation in P. strobus L. from
the same area may be attributed to its occupation of a wider range of site conditions
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Table 2. Schematic presentation of the among-population differentiation and within-population
variation in non-random-mating populations at different combinations of strong and weak
disruptive among-population selection at limited or substantial gene How, respectively. The
more * signs the more differentiation or variation are expected.
Weak disruptive selection
Limited gene
flow

Substantial
gene flow

Strong disruptive selection
Limited gene
flow

Substantial
gene flow

Among-population variation
- - - - - - - - - - - - - - - -

**
Genetic drift

- - - - - - -

----

***

Within-population variation
- - - - - -

***

**

**

and accompanying larger differences in its SENs.
In agreement with the observations by KARHU et al. (1996), many analyses of is 0 enzyme variation revealed a much larger within-population variation than among-population variation in Betula pendula Roth., Picea abies, Pinus sylvestris and Pseudatsuga
menziesii [Mirb.] Franco (e.g., BERGMANN 1973, CULLBERG et al. 1985, WHEELER & CURIES
1982, RUSANEN pers. comm.). Sometimes elines are observed (BERGMANN 1978, LAGERCRANTZ & RYMAN 1990) but never as steep as for metric traits. The elinal variation
observed for some isoenzyme markers is most likely a consequence of isolation by distance (WRlGHT 1943) and
not a consequence of disruptive selection since it takes long time to reach the same frequency of a new mutant allele in all subpopulations. The absence of marker differences among Pinus resinasa populations summarized by MOSSELER (1995) must also be
attributed to absence of different SENs for these markers. The lack of within-population variation of biochemical markers (FOWLER & MORRIS 1977, MOSSELER 1995) contrasts with the observations in most other conifer species. This lack of genetic variation
lends support to the bottleneck hypothesis put forward by FOWLER and MORRIS (1977).

Species with non-random mating populations
Many Noble Hardwoods (TUROK et al. 1996) and other non-climax tree species are
rarely random mating owing to their scattered distribution. Some of them have pollen
vectors that flyover short distances only, which would promote adaptation to local
conditions. However, pollinating insects may mediate effective gene flow over surprisingly large distances (> 1,000 m) as was the case for Tilia cordata MilL
2001). Studies of gene flow in Sarbus torminalis (L.) Crantz have indicated that gene
flow is not as restricted as may be expected from the scattered distribution of this species (ODDOU-MuRATORlO et al. 2001). The observation of an estimated gene flow at 2.3
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migrants per generation in Acer platanoides L. (ERIKSSON et al. 2003) lends further support to a rejection of the a priori assumption that gene flow in scattered and rarely occurring species is restricted. Loss of additive variance in a population occurs at a rate
of 1/(2Ne) per generation. Since there are many unlinked loci, a random fixation of
alleles over the whole genome will lead to a substantial differentiation among populations. It must be remembered that Ne in many cases is much less than the census number of trees in species with small populations. Populations with less than 10 mating
trees for several generations will have a high degree of allele fixation. If an originally
large random mating population is split into many small populations, then the frequency of fixation of allele a1 after many generations of exposure to genetic drift will
be proportional to the original frequency of this allele in the original large population.
The predictions of the among-population differentiation will in absence of other evolutionary factors be a reflected image of the curve for loss of additive variance due to
drift. The joint effects of genetic drift, gene flow and natural selection in presence of
genetic drift on among-population and within-population variation are schematically
illustrated in Table 2.
The among-population variation will be largest when the disruptive natural selection is strong and the gene flow is absent (cell 3) whereas the smallest among-population variation is expected in the combination strong gene flow and weak disruptive
selection. The within-population variation will be highest for the same combination,
strong gene flow + weak disruptive selection (cell 6) while the within-population will
be smallest in cells 5 and 7, which both have a limited gene flow.
To capture the existing genetic variation in situations when genetic drift is thought
to play a major role, the number of populations sampled has to be larger than when
random mating prevails. Even if the existing tree population is far from maximum
fitness it has proven to be competitive in its present environment and can advantageously be included in the genetic conservation population (ERIKSSON et al. 1993). Although methods of genetic conservation are not the subject of this paper, it must be
noted that for the long-time survival of the species, putting trees together from different populations into a seed orchard would be the best measure to improve the additive variance in the offspring.

Species with assumed non-random mating populations
MATTILA and VAKKARI (1997) reported on FST values for isoenzyme variation at 18 loci
in Ulmus laevis Pall. populations in Finland. Many of the populations are small and the
species has its northern margin in Finland. The estimated FST value amounted to 0.33,
which must be regarded as a high value for a wind-pollinated species suggesting that
random genetic drift might be a cause of this substantial differentiation.
Like the elm species referred to above, Acer platanoides has its northern margin in
southern Finland. RUSANEN et al. (1996) reported a FST value of 0.126 for this species
based on a study of 14 isoenzyme loci in 14 populations. In a later study of the same
species RUSANEN et al. (2003.) the FST value was estimated at 0.097 for populations in
the latitudinal range of 49-62°. Compared with the values for Ulmus laevis, the impor406
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tance of genetic drift seen-,s to be much less, The results suggest that the pollen vector
can transport vital pollen over considerable distances.
HABJ0RG (1978) reported on
rhythm in Acer
and showed that
there was a clinal variation for growth cessation. Similarly WESTERGAARD and ERIKSEN
(1997) reported on clinal variation in the same
It is evident that there is some
adaptedness to the climatic conditions of this trait in Scandinavia. In the latter report
there was one population from latitude 56° that did not differ from a
with
its origin more than 4 degrees further north, One IJVuau_n,-ing performance of the mentioned populations is
BALIUCKAS et al. (2000 and 2001) reported on
variation (= family
variance
of juvenile
rhytm traits in Fraxinus excelsior
L, Prunus avium L,
rabur L According to ex-pec:ta
there should be a
variation in the wind-pollinated Fraxinus
excelsior (cellS or 6 in Table 2) than iT'I the insect-pollinated species Prunus avium (cell 7
or 5 in Table
For tree height there was a
higher variation in Fraxinus excelsior than in Pnmus avium while there was no variation for bud flushing between these
two species, It should be noted that there was a large variation among the four populations as regards their within-population variation. Of the typically climax and windpollinated species, Quercus robur had higher within-population variation than all other
species both for height and growth
traits. In an earlier study, BALIUCKAS et al.
(1999) reported a higher among-population variation for some juvenile traits in Acer
platanoides than in Fraxinus excelsior and
robur
the hypothesis that
insect-pollinated species such as Aeer
should show larger among-population differentiation than wind-pollinated species.

Conclusions
Since there are so l11.any forest tree species, genetic conservation or individual species
is unrealistic, which calls for identification of target species. Their selection may be
based on different criteria, of them scientific and soda-economic considerations ought
to be favoured. It is useful to consider grouping of
which share characteristics,
and
may have common principles for genetic conservation. Before this is done
it is important to examine if breeding takes care of the genetic conservation of species
included in
programmes. Rarity, distribution, behaviour in
and
pollination vectors are
of characteristics that can be used for grouping of
species for
conservation.
The concept of selective environmental
(SEN) introduced
Brandon
is useful for an understanding of population differentiation and theredifferences in adaptedness. 'Within a SEN there are no
changes of the genowith respect to fitness, conferring a
of homogeneity to a SEN, A.
different extensions
the SEI\Js for different traits. For neutral traits there
V/ill be just one SE1\J since the neutral marker does not confer fitness to its carriers, For
differentiation there are r010
several SENs are
required and (2) some
of SENs over generations is needed, In random mating
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populations the among-population differentiation is mainly dependent on the strength
of the two counteracting factors, gene flow and disruptive natural selection. In absence
of any gene flow from other SENs, the strength of the disruptive selection will be responsible for the among-population differentiation. With a large gene flow among
populations in absence of disruptive selection, the expected among-population differentiation is low. When both factors are strong there may be among-population differentiation accompanied with a high ratio of within- / among-population genetic variation. The degree of phenotypic plasticity ought to be larger in long-lived, widely distributed and wind-pollinated species than in annual species. In widely occurring, continuously distributed, and wind-pollinated species the anticipated among- and withinpopulation variation in adaptive and neutral traits was confirmed except for the two
pine species, Pinus monticola and P. resinosa.
At low effective population sizes « 15) over many generations, a large differentiation may take place, which is partly non-adaptive. Some of the data observed support
the expected among-population variation. Some of the studies including isoenzymes
suggest that genetic drift has taken place in small isolated marginal populations.
When genetic information is totally absent and sampling for genetic conservation
needs to be carried out, the below procedure may be followed:
(1) is it likely that there is random mating? If this is the case then consider;
(2) how many SENs there may be for the target species and how strong the disruptive
selection may be among different SENs for traits of adaptive significance;
(3) how strong the gene flow among different SENs may be;
how these two evolutionary factors interact;
(5) if genetic drift is assumed to have taken place, then relatively more samples have to
be included to capture the existing genetic variation which is partly non-adaptive,
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On the appropriate size of forest genetic resources
H. H. Hattemer

Introduction
The appropriate size of forest genetic resources has very different aspects. For
instance, conservation ex situ may start out from a sample of the target population.
Hence, the quality and size of this sample drawn for the establishment of the first
generation sets the frame for the genetic structure of the resource to be conserved ex
situ during the subsequent generations. The sample represents also the population to
be conserved in its initial phase. It is similar to a founder population. In the context of
conservation in situ it has to be decided, whether it is possible to maintain a population at its given size, whether it should be allowed to grow or whether it should be
merged with another appropriate population that is likewise too small for long-term
persistence. In the former example, a decision has to be made on the appropriate size
of the seed sample drawn from the seed produced by the target population. When
making this decision, the expected mortality has to be accounted for. In the latter example the decision has even more long-term implications. It has to consider not only
the mortality between the seed and the reproductive stage. The size of the population
is appropriate only, if the population is likely to survive one, several or even many
cycles of natural regeneration in a given environment Population size is still an important criterion both in the selection and in the management of populations as forest
genetic resources to be conserved dynamically. Almost needless to say, the situation
considered in this latter example is far more complex.

Establishment of a resource to be conserved ex situ
In this section the individuals that make up the population are in fact seeds. Since not
an seeds germinate, it has to be pointed out that an excess of viable seed is required in
order to account for incomplete germination and nursery survival. Sampling trees in a
would
Cl more
because trees
possess a spatially inhomogeneous genetic structure.

Th. Geburek & f. Turok (eds.)
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The risk of loss of alleles at a single gene locus
The size of the resource has to be carefully planned in order to minimize the risk of not
catching genetic variants in the sample. This type of planning is done under the assumption of random drawings from the homogeneous total seed produced by a population. Since also the seed produced by a forest tree population may possess a spatial
structure, all seeds are assumed to be collected, subsequently filled into a big vessel
and thoroughly mixed. A sample is then drawn by using a special device.
Catching all alleles at a locus in our sample would be impossible if these alleles
would occur only once in heterozygous condition. Any sampling would then imply
loss of alleles. We had better considering the case of allele frequencies «> 1 / (2N)
which comply more with our experience (N denotes population size). Even then we
could be sure to catch an allele only if our sample size exceeded the proportion of noncarrier individuals of that allele in the population. Since these seeds are impossible to
identify, we run a risk of losing alleles occurring with frequencies «even if our sample
size amounts to more than « . N. This risk of loss implied by sampling we call L.
Consequently, we want to catch certain alleles at low L or with high confidence
1-L. It can be concluded from the above that in drawing small samples we are faced
with larger L, if we want to catch also rare alleles, i.e. if «is smaller.
GREGORIUS (1980) derived critical sample sizes Ne with which we may expect to
catch with confidence 1-L at least once allelic variants that occur with frequency «in
the population. Some pertinent data are compiled in Table 1. The conventional significance levels of 0.05 and 0.01 are taken as levels of tolerated risk of loss.
It can be seen from Table 1 that by drawing larger samples we may expect to catch
also less frequent alleles. However, this decrease in «is fast only under smaller sample
sizes. For instance, if we want
Table 1. Frequency «of an allelic variant in the population to catch an allele having 10 %
that we expect to catch with confidence 1-L at least once frequency with 99 % confiin the sample if the sample size is equal to or larger than dence, it is sufficient to sample
a critical size N c• The data were computed by use of a 50 individuals. If we desire to
program written by H.-R. Gregorius.
catch an allele possessing only
half of this frequency with
same confidence, we have to
Least allele frequency a
sample 150 or three times as
many
individuals. Finally, if
1-L = 0.99
1-L = 0.95
we want to halve «once more,
we have to boost Ne to far
0.1
0.1
50
0.07
0.06
100
more than 300. When relaxing
0.06
0.05
125
the confidence criterion to
0.05
0.04
150
95 %, we have to choose a
0.045
0.035
175
sample size of only 125 indi0.039
0.031
200
viduals in order to expect to
0.034
0.028
225
catch
an allele possessing fre0.031
0.026
250
quency
« = .05. The advan0.027
0.022
300
tages offered by planning the
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sample size in this way are clearly attractive.
Fig. 1 shows the risk of loss of alleles of various frequencies under various sample
sizes. It can clearly be seen that for both very small and very large sample sizes the
risks of loss are more or less constant, i.e.
are close to unity if Ne is too small and
close to zero if it is unnecessarily large. In the latter case too much effort is made on a
certain resource at the cost of others. However, in the interval of medium sample sizes
there is much room for careful planning. For sample sizes between 25 and 300 we observe that L(Ne , a) responds drastically to reductions or increases in Ne. If Ne is determined by the available funds rather than genetic reasoning, these curves are still helpful for judging the
of the samples drawn in terms of complete conservation of
less frequent variants.
The data presented in Table 1 need some further clarification. It is easy to conceive
that under given Nc a heterozygous individual added to the sample adds two different alleles, while a homozygous individual adds only one. In order to be on the safe
side, Table 1 was, therefore, computed for the somewhat adverse conditions of the
genotypic structure encountered under predominant or even complete self-fertilization, i.e. complete homozygosity. However, under Hardy-Weinberg (HW) conditions
(see p. 150 fC this volume) the proportion of individuals carrying an allele with frequencyais

1. The risk of allele loss L(Nc' cc) as a ftmction

for different values of a [from GREGORIUS
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a + 2a (1 - a)

= a (2 -

a)

[1]

For small a this expression approaches to
while under complete self-fertilization the proportion of carrier individuals would be
a. This reduces the risk of loss
by a factor of roughly ¥2, which implies lower Ne" Various special cases such as various numbers of equally frequent alleles at a gene locus have been analyzed by
GREGORIUS (1983). This publication shows both risks of loss and minimum samples
sizes for various allelic structures under panmictic conditions and those under complete self-fertilization. In a paper published in a regular journal, HATTEMER et al. (1982)
elaborated on this subject in the context of genetic multiplicity in clonal seed orchards.
The considerations of the least frequent allelic variant to be conserved and the required minimum sample sizes derived therefrom are based on mathematical necessities and are largely unspecific under a genetic aspect. The results are valid for just any
allele but due to our limited information, no attention is paid to the individual alleles
or their relevance for adaptation processes. Neither is any specific attention paid to the
conservation of genetic structures as they were. It may only be expected that by appropriate sampling procedures and
keeping sample size large no undue depauperation of genetic structures is induced through sampling. In this situation it is only meaningful to concentrate on the frequency of the least frequent allele, i.e. assuming constant adaptive equivalence of all alleles. FINKELDEY and GREGORIUS (1994) have shown
that different types of allelic profiles are maintained by different evolutionary processes and, consequently, have an important bearing on adaptability of a resource.
So far only the probability of allele loss was dealt with. However, a risk has one
more component besides the probability of an event, i.e. the amount of resulting damage implied by this event. It can readily be seen from Fig. 1 that the definition of a
largely determines the minimum sample size Nc Therefore, the desire to catch even
rare aUeles implies the amount of effort we have to take. However, besides the adaptive value of an allele its rarity as such has some influence on the fitness of a population and its dynamics under processes of adaptation. By disregarding alleles with frequency < a in sampling we neglect their eventual adaptive value. This appears to be
justified
two lines of reasoning: Extremely rare variants may represent deleterious
mutants with negative adaptive value. Secondly, a variant must be frequent enough to
guarantee persistence of the population if all other variants fail to survive under extreme conditions. Since such a variant determines the reproduction-effective size of
the population, its absolute number rather than its relative frequency determines the
ability of the population to cope with adverse environmental conditions (FINKELDEY
1992). Under less severe conditions it would take the rare variant several generations
to attain larger
and to become integrated into the adaptive potential of the
population. The required number of generations is difficult to specify. Under the simplest model of viability selection, the frequency change of a viability-determining allele depends on selection pressure, its present
its selective
and its
a frequency of 2 % as Elthreshof dominance. FINKELDEY
old betvlJeen
significant and deleterious alleles.
Nevertheless, we may conclude that natural reproduction systems dose to panmixia
a
against the loss of rare aHeles in finite
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some forest trees have been reported to possess an excess of homozygosity which is to
be accounted for in the establishment of genetic resources. Eventually there exists a
relationship between the fixation coefficient of the seeds and their germination percent; there is dearly no such relationship between the fixation coefficient and the pron""-t,o.,, of empty grains.
It may be added that planning the sample size in this way helps to adequately
survey and compare populations for making a decision on which one to consider as a
genetic resource.

Loss of alleles at one

gene loci

In the foregoing part of this section we have considered risks l-L of allele loss at just
one arbitrary gene locus. We shall continue this reasoning while looking at several
gene loci at a time (NAMKOONG et al. 1980, HATTEMER et al. 1993, lac. cit, chapter
We then have to envisage risks of allele loss at any of those loci. If we denote these
risks by Li
i == 1,2, '00, k), the probability of conserving all alleles at the k gene loci
under the assumption of their independence amounts to
le

II (1-

[2]

j =1

and, consequently, the probability of loosing at least one allele of at least one of the
gene loci is
k

W

=

1-

n (l-L)

[3]

j=l

The Li are obviously different, since it can be read from Table 1 that under a given
sample size the probability of an allele getting lost increases with its decreasing frequency. Nevertheless, we aSSUlne that all Li are
to a common L in order to simplify expression [3]:

W

=

1-(1-

[3a]

Some pertinent
are shown in Table 2. This table tells us that the combined risk W of loss at any gene locus
of course, much larger if compared to the
data presented in Table 1. For instance, if the risk of loss at one locus L(l) is 5 %, it
rises to an L(20) of 64 % if we admit that the loss may happen at any of 20 gene loci. If
a risk
amounts to 20 %, it is almost certain with
::::: 0.99 that at least one allele
gets lost at some gene locus or gene loci under the given sample size. The conditions at
one gene locus serve as the basis of reasoning. The magnitude of the rise in minimum
at several gene loci is impressing. Table 2 tells us
when
of the genome, losses of genetic variants are as
as inevitasatisfaction vve have in this situation is our ability to
evaluate the scale of these losses. Unlike the situation involved in
inventories
of marker gene loci, in
a population for resource conservation ex situ we
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Table 2. Risks W of losing at least one allele at any of k gene loci, if the risk L of losing allelic
variants is constant at these gene loci.
Number of independent gene loci
L

-~---~

~---

2
-------~~

0.001
0.01
0.02
0.05
0.1
0.2

5

10

20

0.005
0.049
0.096
0.226
0.410
0.672

0.010
0.096
0.183
0.401
0.651
0.893

0.020
0.182
0.332
0.642
0.878
0.988

3
---------

0.002
0.020
0.040
0.098
0.002
0.360

0.003
0.030
0.059
0.143
0.271
0.488

must not confine our thinking to just one gene locus but must focus on the totality of
the genome. The long-term effect of catching or losing a genetic variant in a resource is
much more important than the mere knowledge, whether it is encountered in a population or not.
Again, these computations disregard the adaptive relevance of gene loci, not to
speak of the adaptive value of co-adapted multilocus genotypes.
As has been mentioned above, the statements made on risks of loss and minimum
sample sizes refer to strictly random, representative sampling.
departure of the
sampling procedure from randomness leads to additional genetic change and eventually to additional losses of variants beyond those supposedly tolerated under idealized
conditions.
KRUSCHE and GEBUREK (1991) developed a procedure for easy computation of
lower bounds of risks of loss of rare genetic variants at several independent loci assuming equal frequency of those variants. When assuming complete homozygosity
but discriminating between common and rare aUeles, these authors found a combined
risk of loss

W = M'e

-aN

'

[4]

and
Ne

=

(lnM -in W)/a

[5]

when maintaining the notion used in this paper. /lA is the total number of rare alleles
and ais their frequency. The authors also stated that these approximations are conservative, i.e. the minimum sample sizes may in fact be smaller.
KRUSCHE and GEBUREK (1991) also presented some minimum sample sizes which
deviate
very little from those derived by GREGORIUS (1980). For
a total
number of M = 1,000 rare alleles with common frequency a = 0.005 and confidence
l-W = 00995, they estimated
= 2,435. With reference to adult reproducing trees in a
pure stand at a
of 200 trees per
this implies an area of 12 ha. VVhen
establishing a forest genetic resource ex
the number of individuals has to be mul-
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tiplied by a factor accounting for the expected reduction of population size during tree
life.
It may be added that the risks of loss described in this section apply in every generation. When considering the time scale of conservation efforts it is recommended to
account for this fact and apply conservative excess sample sizes.
A comparison of the risks of losing alleles at a single locus and at several loci, respectively, teaches us that sampling for purposes of genetic inventory requires smaller
numbers of individuals than those required in designing population size for genetic
resource conservation. There exist fundamental differences both in probabilities of
merely not detecting or losing genetic variants, respectively, and in damages implied
by losses of genetic variants.

Population size and the decay of heterozygosity
According to CROW and KIMURA (1970, lac. cit. chapter 3.11) the inbreeding coefficient
F of an isolated monoecious random-mating population of finite size increases from
generation t-l to
F

1 ( 1)

= ~+

2N

t

1-~

2N

F

[6a]

t-l

in generation t in the absence of selection. According to many standard population
genetics texts (see also HATTEMER et al. 1993, lac. cit. chapter 12.4), [6a] can be transformed into the recursion formula
F, =

l_(l_~l)t

[6b]

2N

r

if Fa = O. This denotes the inbreeding coefficient t generations after a non-inbred population of unrelated individuals became finite with size N. This increase of Ft with increasing time t is related to the chance-induced shift in gene frequencies towards fixation. This shift implies a reduced potential for the formation of heterozygous genotypes.
CROW and KIMURA (ibid.) have also derived the relation of the inbreeding coefficient to the potential for heterozygosity. If we substitute the heterozygosity at time t,
I.e.

into the above result, we obtain the corresponding expression for both the decrease of
the average heterozygosity from generation t-1 to generation t and the corresponding
recursion formula
=

( 1)
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t-l

=
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It has to be kept in mind that F measures the probability of the two alleles at an
arbitrary gene locus in any individual being identical
descent. This probability is
generally less than the proportion of homozygotes at an arbitrary gene locus, LikeH measures the potential for heterozygosity, which may exceed the average proportion of heterozygotes at the respective gene locus, F is not due to a departure from
HW conditions because of a mating preference among individuals of like genotype.
The increase in homozygosity and the implied decay of heterozygosity are rather permanent properties of the population, which could be restored only
either mutation
or by immigration, and/ or the influx of effective pollen from other populations (CROW
& KIMURfI> ibid,). The population would then no longer be isolated, This F and this H
have nothing to do with the realized mating system deviating from random mating
and cannot be estimated
analyzing genotypic structures at marker gene loci. If not
all individuals contribute the same amount of effective gametes to the subsequent
generation, then N must be replaced
the effective population size. Unfortunately, the conditions described in [6] have led to much misunderstanding.
It can be seen from [6c] that in a population of size Ne = 50 the decay of
heterozygosity amounts to no more than just one percent per generation. Therefore, 50
is the minimum effective population size that keeps the speed of this decay equal to or
below 1 %. As has been mentioned above, this quantity is valid only under strong
assumptions such as the absence of selection and the randomness of mating between
the individuals all of which have to be in their reproductive phase, Nevertheless, a
minimum effective size of 50 individuals is often referred to as the basic rule of conservation genetics,
The number 50 (short-term rule) is to prevent a severe reduction of the genetic
variation involved in the decay of heterozygosity. It is simplistic for several reasons
and might not even be the right order of magnitude in tree populations. For the reasons explained above it is hardly justified to expect that in a population of this size
selection may be able to counteract the increase in homozygosity. The respective allele
with a selective advantage must be assumed to be rare. Even if it became more frequent due to its positive selective value, the diversity could hardly be raised much. If
the selection were directed against homozygotes under over-dominance, its homozygous carriers would be even scarcer so that selection could become effective
in
very few members of the population. It may be needless to say that, although selection
may retard the decay of heterozygosity, the concept of the basic rule was originally
based on the assumed absence of selection.
is hoped to represent a safety device and
A population size of 500 (long-term
to provide Cl. better chance for the restoration of genetic variation
mutation, a rare
event. The decay of heterozygosity 'NouId then, of course, be expected to be only one
tenth of a percent. However, the expectation of a balance between the expected loss of
genetic variants and the origination of ne"vV variants through mutation is rather vague,
The positive effect of a
arisen
therefore, rare allele on diversity and, consequently, on the potential for
can be
low even if the allele is not
deleterious and has the
to increase in frequency,
In any event, the numbers according to the basic rule might represent the absolute
minimum of effective
size. The actual number of individuals may be sev-
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eral times larger for the various reasons discussed in the context of keeping the risk of
chance-induced loss of genetic variants low (see also FRANKEL & SOULE 1981, lac. cit.
chapter
If population size varies among the subsequent generations, the harmonic mean of
population size is crucial, i.e. generations with smaller size induce an increase in
homozygosity that can only partly be compensated by a period of larger population
SIze.

The basic rule of conservation is based on the assumption that there is no selection
pressure. It does not account for the fact that environmental change eventually requires adaptation to a new environmental factor. Various genetic aspects of population size were discussed by FRANKEL and SOULE (1981, lac. cit. chapter 4). It has also to
be kept in mind that in plants, particularly in trees, the relationship between population size and inbreeding is not as simple as in animals. This relationship is blurred by
various elements of the complex system of reproduction in plant populations.

Concept of the minimum viable population
Definition and applications
The concept of the minimum viable population (MVP) was first explained by SHAFFER
(1981). It refers to two aspects of populations (GILPIN & SOULE 1986):
A size of an isolated population of a given species in a given habitat above a certain threshold below which its extinction would become imminent. It is dear that
in addition its age structure must be dose to equilibrium.
Critical factors of genetic structure of a population above a level, below which
inbreeding depression and the loss of adaptive capacity could become a problem
for its continued survivaL
This concept was developed in wildlife biology but is still useful also for designing
conservation strategies, ecological reserves, and for implementing species recovery
plans for the restoration of rare, threatened, and endangered plant species. As
SCHWARTZ and BRIGHAM (2003) have demonstrated, plants possess more complex life
history attributes than animals such as vertebrates. This brings about special conservation challenges.
Genetic conservation is cost-intensive and therefore requires careful plalLning.
BRIGHAM and THOMSON (2003) and ELDERD et al. (2003) review various approaches to a
judgment of the viability status of populations and thus species. EUTH and BURGMAN
(2003) concentrate on modeling the appropriate habitat for a species in support of
population viability analysis; an extension of demographic analysis that focuses on
determining whether a species or population has the ability to persist in an environment (MENGES 1991).
The MVP is to ensure at some acceptable level of probability that the isolated population persists in a viable state for a given interval of time. Usually an acceptance
level of 95 or 99 % probability is chosen. Some authors (SHAFFER
have specified
the respective time span as 1,000 years. This
is long in view of human
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but somewhat short in view of the generation interval of many tree species. Depending on authors, the time period was either specified explicitly excluding stochastic
events or despite existing uncertainties (MOSSELER 1998). The definitions stress the
time factor but refer to a single target population. Accounting for disturbances and for
environmental heterogeneity greatly impedes modeling of population viability
(MENGES & QUINTANA-AsCENCIO 2003) but it is just these complex situations where
modeling may help to make the appropriate conservation decision.
Even when complying with the various MVP criteria, in view of many unforeseeable events we may only expect to conserve a population
maintaining innate population dynamics that is able to endure a variety of external calamities. In other
we may keep the probability of extinction at a low level. Making crisis-oriented immediate decisions on long-term viability and conservation of populations, we must tolerate uncertainty and be prepared to make best guesses on available data (MENGES
1991). However, the risk that a given species or population gets lost can easily be defined but hardly ever be estimated or a predicted loss be verified, since it is a very
complex task to design models of population dynamics and population genetics possessing sufficient predictive power which account for demographic and environmental change, their complex interactions and the population genetic processes involved
in long-time persistence. The analysis of population viability, therefore, includes the
study of several scenarios and their comparison. The damage involved in losing a
species or population is up to our evaluation (ecological, ethical, aesthetical, economic,
etc.).
It is true that smaller populations are more likely to get extinct than larger ones.
However, designing MVPs is complex, because the risk of extinction still cannot simply be pegged to population size alone. In addition, each situation will have a set of
'minima', depending on the life history of the species or population, the temporal and
spatial distribution of its resources, and its level of genetic variation. There is no 'magic number', no single MVP which is universally applicable to all species and populations. According to GILPIN and SOULE (1986) the MVP concept is; nevertheless, useful
for three reasons:
The term 'population reminds us that the single population is the object of study.
Furthermore, outlooks on metapopulations are helpful (BRIGHAM & THOMSON
2003);
The term 'viability' stresses that we are concerned with the persistence of the population over some long time interval;
The term 'minimum' suggests that there are critical aspects of total size, spatial
distribution, and genetic structure, which govern its transition from existence to
extinction.
This alone helps to substantially improve the biological basis of conservation
decision-making. The MVP concept is important to a number of concerns. For instance, captive populations must be kept above the MVP in order to assure retention
of genetic variation and fitness. Ecological reserves must be large enough to provide
for the minimum viability at least of their essential species for a long timeo In their
review of modeling approaches, BRIGHAM and THOMSON (2003) suggest that population
is less a tool for predicting the fate of i3l
or species. It
l
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represents rather a tool for
questions about relative
such as a
among populations of a species.
of extinction
Remaining shortcomings of modelling will
be cured in future in order to
critical conditions of the persistence of populations. Models must be based on
Et large
of data collected in repeated censuses. If one accepts the results of longterm modelling only with inner reservations, repeated monitoring of the conditions
used as input information is advised. This will help to guide decisions on the size of
forest genetic resources and their adequate management

In this section some sort of a checklist of indicators for
the viability or vulnerability of a tree population is presented
& SOULE
It is not meant to be
comprehensive. Most of the relevant biological information is easy to get.
The population phenotype comprises the physical, chemical and
properties of the population:
Physiology (including phenology); morphology and disease resistance.
Mode of reproduction. Trees are iteroparous perem'1ials, mostly monoecious. Their
pollen fertility and seed production vary greatly.
o
Adaptedness to the given environment
to survive and reproduce).
Spatial distribution of the trees of the target population. This condition matters
greatly for pollen dispersal and mating. Particularly the distribution of the sexual
types in dioecious
is of vital importance for the
of pollinated flowers.
~
Geographic variation.
habitat and to migrate into other habitats
Ability to occupy the
dispersal).
The environment including 'worst-case' eventualities that affect the
of the
population:
insect gradaHabitat quality including herbivore pressure (game browsing,
insects are conHons and fungal epidemics
As far as
forest
recerned, biological control possesses particular
sources (PIMENTEL & HUNTER
Habitat quantity available for the target <;:'""1"('1'''''<;:
Both of the above conditions steer the carrying capacity of the environment
the potential number of individuals. The deterioration of either can extinguish a population.
Disturbance regime (in view of forest trees of the moderate and boreal zones the
frequency of windfall and snow break),
Population size, structure and fitness are the field of
interactions between
a population and its environment.
Population size
The age structure of the individual population deterrnines the fluctuations of population size. In
the totality of genetic resources of a
should have
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an age structure in order to have reproductive material continuously available for
use, and for safety considerations.
Intrinsic rate of increase r and its spatial variation.
Sex ratio. In dioecious species the sex ratio is among the determinants of the completeness of pollination and the evenness of seed distribution. It varies also within
species (see HATTEMER et al. 1993, loco cit. chapter 9).
Dynamics of spatial distribution (size and distribution of patches).
Genetic variation (proportion and number of polymorphic gene loci and the numbers of their alleles). Pertinent information exists mainly about marker gene loci,
only some of which are of adaptive significance (ZIEHE et aL 2000).
Heterozygosity.
The two latter terms are often used as synonyms. It is true that without genetic
variation there is no heterozygosity. However, heterozygosity is a parameter of the
genotypic structure and does not directly measure genic variation. If used as a
variation measure for characterizing populations, heterozygosity is meaningless in
predominantly self-fertilizing species. Furthermore, the proportion of heterozygotes that we expect under the assumption of random mating has hardly any biological meaning for comparing genic variation of populations, if these differ in the
proportion of self-fertilization (KAYA et al. 2001).
Adaptability. Genetic variation is considered to be the sole basis of adaptability.
Environmental degradation challenges adaptational processes in tree populations
(GEBUREK 2000). However, recent experiments in Norway spruce (Picea abies [L.]
Karst.) have shown that certain changes at the DNA level during embryo
development are another source of adaptability (SKR0PP A & KOHMANN 1997,
SKR0PPA & JOHNSEN 2000). This does not require generations of selective frequency
change of genetic variants and becomes effective immediately.
Spatial genetic structure. Restrictions on the transport distances of effective pollen
and viable seed imply the development of spatial genetic structures. This is eventually enhanced or blurred by viability selection. The spatial pattern displayed by
genetic structures is also reflected by population genetic parameters such as diversity and heterozygosity (GEBUREK et al. 1998, DOUNAVI 2000, DOUNAVI et al. submitted).
In order to evaluate the relevance of these items for the persistence of a population,
we have to rely also on assumptions about unpredictable events, which are only difficult to foresee.

Extindions
Extinction, i.e. the reproductive failure or death of the last individuals of a population
or species, is a common phenomenon in evolution. It is only more difficult to study
than speciation. However, the speed of species extinction has recently been suspected
to exceed the speed of
The gross number of living species is not known.
Even more so, the rate of extinction is difficult to assess. Instead, we are able to explore
the situation
in a given ecosystem or only in given ecological or taxonomic
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groups of living organisms. Most of the extinction events that we have witnessed and
chronicled during historical
on
were in conspicuous animals
such as birds and all of them were due to human activities (SauLE
The reasons
were human
growth and the attitude of humans towards other biological
species. The same is true with the extinction of tree species. Less conspicuous
processes such as the at least local extinction of mycorrhizal symbionts of trees have
rarely been monitored.
However; the fragmentation of habitats is easy to observe almost everywhere. It is
one of the most important threats to population
and is hazardous to species
OOSTERlYIEIJER (2003) addresses the various
persistence. In a comprehensive
types of threats to rare plants and advises vvays to counteract their genetic effects by
management.
The decline of species is due to usually vvidespread factors. This is much in contrast to the loss of populations; which is often due to stochastic ecological events.
Therefore; attempts to rescue a single local population may largely mean waste of time
and effort either if the species is abundant elsewhere or if the species as such loses
abundance. However, such attempts do make sense if a population is unique in terms
of genetics because of its morphology; its adaptedness, or its particular role in the
ecosystem; etc.
Deterministic extinctions result from relentless; inexorable forces from which there
is no hope of escape. An example in animals is the introduction of rats or domestic cats
and dogs into islands homing wingless birds. An example in plants is the invasion of a
foreign species thrusting aside indigenous species. Examples in trees are large-scale
deforestation or desertification. In Mediterranean cypress
L.) it
is the prevention of regeneration by the release of domestic goats. The loss of pollinators and seed predation have been made responsible for a threat to rare plants. BRIGHAM (2003) could not find any consistent evidence in
of this hypothesis. The
decline of bats and flying dogs as important mutualists of tropical trees due to the
destruction of mangrove forests is still expected to have a bearing on pollinator service
and seed dispersal in tropical forests.
Stochastic extinctions result front ;normaY random changes or perturbations. They
thin a population rather than destroy it. Yet they render it vulnerable. There is no
clear-cut difference between the deterministic and stochastic types. For
deterministic events such as overharvesting or habitat destruction may reduce a tree population to the point where stochastic extinction is sooner or later inevitable. Stochasticiis largely a problem of small
SaULE
has listed possible factors
contributing to the extinction of local
Subsequently in this section; several aspects of
as identified
SHAFFER (1981) are
described.
impede predictions and make the
of MVPs
complicated. It is dear that any stochasticity can
increase the extinction risk.
SOULl~
and MaSSELER (1998) have elaborated on this
The
factors contributing to extinction
been discussed by FRANKEL and SOULE
loco
cif. chapter
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Demographic stochasticity
Non-genetic demographic chance events are considered responsible for the most severe threats to the persistence of small populations such as abnormal mortality rates
or reproductive failure.
Demographic stochasticity or random fluctuation of population parameters such as
the distribution of age classes or the sex ratio has been observed in animals. Individuals of any age have specific rates of survival and reproduction. The theory of population dynamics tells us that imbalanced age structure is responsible for fluctuations in
population size. In many animals and plants the population size as such is subject to
fluctuations. In annual plants their amplitude is said to be
if K denotes the carrying capacity of the environment. In rare long-lived forest trees, fluctuations in age
structure are less easy to assay. They have still to be documented over long periods in
order to derive appropriate risk warnings. Demographic stochasticity has a direct and
strong impact on population size and biological conservation. For this reason, LANDE
(1988) advised against planning MVP size on genic grounds alone. Nevertheless, demographic stochasticity does not generally act alone in causing extinction (MENGES
1991).

/K,

Environntental stochasticity including catastrophes
Environmental stochasticity is induced by temporal changes of rates of survival and
reproduction. In forests of all climatic zones it is due to fires, damage by wind and
snow, drought periods, or large-scale cutting of forests. Insect gradations and outbreaks of parasites contribute to this stochasticity. In trees, environmental stochasticity
is buffered by life span or in some species by the ability to regenerate from root
sprouts. The same is true for the potential for self-fertilization. The latter is, of course a
two-edged sword with tradeoffs for population viability considered over short versus
long time periods (MENGES 1991). In some species-rich tropical forests many key species such as gap species occupy narrow niches, which come and go. Consequently,
their mobile mutualists such as pollinators or seed dispersers are subject to patchy
distribution and environmental stochasticity. The seed dispersers of several European
tree species such as the yew (Taxus baccata L.) and members of the rose family are common birds. However, the establishment of saplings is strongly affected by the local
density of the deer population.

Genetic stochasticity
The main source of genetic stochasticity is finite population size. Chance-induced
changes in gene frequencies are related to drift processes in finite populations, eventually due to the bottleneck or founder effects. The smaller the population size, the more
powerful are these processes. In the extreme case they lead to the decay of genetic
variation. If this decay is only local, lost genetic variants may be replaced by influx of
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external effective pollen or seed migration from genetically differentiated conspecific
neighbour populations. The degree of fragmentation is,
important.
Various forms of genetic deterioration are part of the ubiquitous genetic dynamics
of populations of predominantly outbreeding species. They are usually considered
separately as inbreeding depression and the decay of genetic variation. The two topics
are in fact closely related as was pointed out in the contribution on genetic equilibria
and population size
p. 150 H., this volume). Increased probability of genetic identity by descent leads to increased homozygosity or loss of heterozygosity. Increased
homozygosity increases the frequency of deleterious recessive alleles becoming expressed.
the genetic load is population-specific. In any event, selection
cannot weed out those genes because of the overriding effect of small population size.
This holds particularly true in the case of
reduction of population size. The inbreeding, which is enforced by small population size, is due to the lack of unrelated
mating partners rather than mating preferences for relatives leading to homozygote
excess relative to HW structure, The variation in this type of inbreeding to be expected
in patchy tree populations adds to the genetic stochasticity if inbreeding depression
occurs. Fine-scale analysis of spatial genetic structures will clarify this in the near future. In any event, the problem is to keep inbreeding below a threshold, above which
fitness relentlessly declines and below which fitness can be maintained. Relevant tools
are the maintenance of large size and density of the target population.
Genetic stochasticity has been proven experimentally in caged insect populations.
MORAN and HOPPER (1983), MCCLENAGHAN and BEAUCHAMP (1986), and BILLINGTON
(1991) have presented data on the relationship between the size of natural tree populahons and their amount of genetic variation. However, the establishment of a clear
relationship of this type takes many generations until the results of multiple bottlenecks become manifest in variation, because in every generation with finite size a renewed size-dependent risk exists that genetic variants get lost
&
KUITTINEN 2000). This relationship is only expected to exist under the assumption of
equal initial variation and continuously small size of the reproduction-efficient population in the past. Last but not least, the risk of loss of alleles is determined not
the size of the isolated population but also the frequency structure of aHeles. BARRETT
and Km-IN (1991) have pointed out that the relationship becomes clearer if variation is
measured by parameters that are sensitive to the number of alleles. The rare alleles get
lost first but this is not reflected by all population genetic
BRIGHAM
discussed the
relationship betvveen the size of populations and their genetic
variation on the basis of data collected in both trees and annuals.
In central European yew (T baccata), for
some small extant stands have
turned out to be genetically more variable than stands of tenfold size
This
is presumably due to the few generations since the 16th century when wood of this
species was widely used for the manufacture of archers' bows. It has also turned out
in this species
2002) that some small
among a
number of
surveyed were polymorphic at more gene loci and they 'Nere more representative of the whole set of populations studied, This may have made then,
for the selection as genetic resources. For their
as genetic resources some
or their merger with other small
ex situ is advised.
>.:.UF"U.JHC
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Finally, we must not forget about the fact that few populations are completely
isolated (see p. 150 H., this
The influx of external effective pollen may have a
twofold effect Firstly, it eventually greatly enlarges the reproduction-effective
tion size. Secondly,
on the location of donor populations and their genetic
structure, the changing direction of the vvinds, which
in given reproductive
periods, might have a stochastic effect on the
structure of the progeny generation. LEINEMANN & HATTEMER
have found a
high proportion of
external effective pollen in a small and supposedly isolated population of European
yew.
empirical results in forest trees do not
confirm a
correlation between population size on the one hand and genetic stochasticity and variation
on the other, there is no doubt about the basic effect of random genetic drift This does
not only represent a mathematical necessity but has also been verified in caged insect
populations of prescribed size and by the monomorphic structure of notoriously rare
endemic plant species
BARRETT and KOHN 1991 for a
GILPIN and SOULE
how the decay of one of the factors addressed in this section may
the effect of one or several others and thus enlarge the risk of extinction (see also SOULE
For instance, low population density
may reduce both mating success and, consequently, population size due to obstacles
to cross pollination as well as genotypic population structure due to a raised proportion of self-fertilization. Small
size
the loss of genetic variants and
this may cause greater uniformity of the nutrient substrate of
insects.
This raises the risk of insect gradations and reduces the
of the population.
In plants possessing a system of incompatibility the loss of S-alleles represents a
problem. Active S-loci prevent self-fertilization and part of the matings among other
relatives
hence, counteract the chances for inbreeding. In small or fragmented
also S-aHeles get at least locally lost despite their frequency-dependent
advantage in mating. ~We must expect an increasing amount of pollen eliminated with
decreasing number of S-alleles. For iIlstance, if n denotes the number of alleles at a
gametophytically active S-locus as it exists in the rose family, under the assumption of
random pollination in a population vvith
frequencies of the S-alleles, a proportion of
of the produced pollen does not become effective. It can be derived that
the minimum number of S-alleles is three. If 50 alleles exist, the
amount of
4% of the
viill be eliminated. This
increases to 20 % if the number of
10. It is true that several
are able to mitialleles has gone down to
this adverse effect of inbreeding-avoidance, because some
incompatible
becomes able to
penetrate stign1.a and style tissue if normally compatible
is absent (STERN 1963, HUMNIEL et al.
The level of this
pseudocompatibility in a species is crucial so that generalization is hardly possible.
BRIGHAM and THOMSON
discuss several cways of integrating genetics into
population viability analysis.
consider the
of
size mainly
for
depression and
and presume tilat in some species it
may not be necessary to include these aspects of
in models of
and its development. It may be
that in future it will be possible to
this
on the basis of experimental evidence on the presence and
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structure of certain adaptive genetic variants.
It must be added that the extinction event itself is of less interest than the preceding process of decline of a species or population. Some time before the disappearance
of its last representatives the population must have reached the status of being more
or less bound to become extinct. This instant is difficult to determine. Active measures
of conservation must be taken up much before that time.

Approaching adequate size and structure of genetic resources
After having considered various threats to the persistence of populations and species
we ought to find a very general guideline for adequate population size. This is difficult to accomplish by mathematical methods alone. Therefore, the problem of determining MVP size has been tackled by simulation studies aimed at minimizing the
probability of extinction of populations of given size during certain time spans. These
studies integrate ecological parameters, age structure, life history traits, information
on reproductive biology, symbionts, pests and diseases, and catastrophes. Much unlike the more widespread commercial species, the problem in rare species is the genera1 lack of knowledge on these conditions. We must not forget that the predictions
derived therefrom in actual fact are the results of empirical studies of artificial data
based on numerous assumptions about essentially stochastic events. It can hardly ever
been tested, to which degree the totality of these assumptions is valid.
Also predictions based solely on standard popUlation genetic models rather than
ecological parameters and chance events imply a certain body of assumptions about
unknown facts. In order to overcome these shortcomings, population genetic models
must be improved by implementing the results of experimental studies on genetic
variation, on genetic load and on reproduction systems of the respective species and
populations under various conditions of human-made stress.
Note that it is the size of the population rather than area size that matters. In receding species occurring in mixed forests not only the tvvo measures differ widely. In
these species the population density becomes important in view of the ease of pollen
transport between reproducing treeso Any excess of self-fertilization due to restricted
mating contact between individual trees would increase homozygosity at least at the
seed stage. A question in nature reserves is whether the
area is
enough to
support sufficiently many trees of a certain receding species, which occurs with notoriously low population density. For receding species in a neotropical most
HUBBELL and FOSTER (1986) recommended that the large areas, which carry sufficiently
many trees of those species, possess minimal perimeter-ta-area ratios. In order to
maintain mating contact, this advice is worth considering also in temperate forests. It
warrants greater efficiency of conservation of notoriously restricted numbers of tree
individuals.
The reliable design of the size and the structure of genetic resources must, therefore, funy integrate
demography,
and silviculture.
for developing solid indicators for appropriate size of forest genetic resources rnust be based
on both
and experimental studies in populations of varying size. Theory helps
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us to understand the problem and to identify gaps in our knowledge. Experimental
studies help to fill those gaps and guide our model-building.
Determining the appropriate size of forest genetic resources is hardly separable
from the question of design. For instance, a certain aspect of planning the size and
structure of genetic resource populations has become known as the SLOSS issue: conserving a single large or several small resources? The latter concept accounts for the
special adaptation of plant species to microsites and provides for the support of at
least as many species as fewer large reserves of the same total size (JARVINEN 1982).
Conservation of populations ex situ is certainly safer and genetically advantageous by
maintaining metapopulation structure allowing for selective differentiation of several
small resources connected by gene flow. More isolated populations are expected to
have lower survival probabilities than partially connected populations in a
metapopulation. Gene flow is an effective means of buffering genetic stochasticity in
the member populations. FINKELDEY and GREGORIUS (1994) have advocated a differentiated deme structure of a forest genetic resource to be conserved ex situ. On the basis
of ideas developed by NAMKOONG (1983) these authors discussed the advantages of
establishing small populations that are genetically differentiated and exposed to heterogeneous environmental conditions. In the context of conservation in situ, the problem
of artificial subdivision of resources hardly arises, because nobody would ever intentionally disrupt a large population. In forest genetic resources ex situ subdivision reduces the risk that the population gets lost due to a natural catastrophe or building
operation.
Considering the totality of eventual genetic resources of three pine species occurring in Korea, KIM et al. (1994) studied the increase in the encountered multilocus multiplicity at 18 enzyme gene loci by increasing the number of sampled populations and
numbers of individuals per population. Under sampling an adequate number of individual trees, the captured multiplicity did no longer react to further increasing the
number of sampled populations beyond a certain point. The flattening-out of these
curves depends on the genetic differentiation of those populations and their variation.
It is shaped by variability of the markers employed. However, the approach taken in
this study is very helpful in making decisions on how to allocate conservation efforts
on various populations making up the total genetic resources of the respective species.
It is clear that the maintenance of a resource population must comply with the twin
goals of sustainable forestry. Ecological sustainability may be attained through maintaining population viability. Economic sustainability requires silvicultural treatment.
This has a variety of genetic implications in connection with management operations
such as logging (WICKNESWARI & BOYLE 2000) and regeneration. Conservation ex situ
comprises silvicultural operations such as seed collection, seed storage, planting stock
production, and outplanting (FINKELDEY & ZIEHE 2004). Various types and degrees of
genetic change due to these operations have been reported (GEBUREK & THURNER 1993,
SAVOLAINEN & KARKKAINEN 1992).
It is also clear that the MVP debate must focus on a given target population. If the
conservation goal is to protect a maximum number of species and communities in a
nature reserve, the MVP of the species requiring most space governs the size of genetic
reserves. Conversely, populations occurring with less than 500 individuals do hardly
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justify efforts for their long-term conservation except in conjunction with supporting
measures. Viability
can be used for both estimating the MVP of a certain species but also for
the extinction time for given populations of varying size
(cf. l\!IENGES 1991 for examples). It is most urgently needed for species that are subject
to environmental stochasticity and natural catastrophes.
MOSSELER (1998) reports on an empirical approach, i.e. the long-term observation of
replicated populations of varied size (1 to 500 trees) kept in isolation. Monitoring relevant demographic and population genetic parameters might help to find out something on widespread tree species such as Picea glauca (Moench) Voss and Pinus strobus
L in Canada. This approach may not be practicable in countries with higher density of
the human population and in species with a more complicated genetic system but,
nevertheless, represents an interesting approach.
Last but not least, large population size may be looked at as a provision against the
effect of too much effective foreign pollen. As was pointed out in the contribution on
size, a small population in the dose vicinity of several large ones must be
expected to be flooded by their pollen. A large population produces more pollen so
that its own pollen is expected to prevail in local fertilization processes. Short distance
to large allochthonous populations is, therefore, all but ideaL The possible danger
through pollen contamination from domestic varieties such as in the rose family has
raised concern among some forest geneticists.

Conclusions
As a first approximation to the appropriate size of forest genetic resources, numbers
between 500 and several thousand trees may serve the purpose, if the resources are
not completely isolated from influx of external effective pollen. They should preferably be conserved in a network of partially isolated populations.
Further recommendations include the following:
The populations must be large enough so that demographic population structure is
not likely to develop stochastidties implying the risk of strong reduction of fertility
or the risk of extinction due to demographic accidents. These risks depend very
much on the
of the respective species.
The risk of chance-induced losses of genetic variants must not exceed a tolerable
limit, i.e. a 5 % risk of losing variants with more than 2 % frequency.
The minimum popUlation size derived from considerations of avoiding loss of
genetic variants exceeds those
when following the basic rule. Consequently, a rise of more than one per cent of the inbreeding coefficient need not be
expected during foreseeable
if the tolerated risk given above is not exceeded.
Keeping a large minimum population in order to avoid losses of
variants
directly counteracts the increase of the inbreeding coefficient but
fewer
assumptions and does presumably serve the purpose better.
Some extra size should be added as a safety measure against destruction through
conversion of forest to other types of land use (building
food pro duc-

431

H. H. Hattemer
It is strongly recommended to initiate empirical studies on the development of
populations of varied size in representative tree species simultaneously with provisional steps taken in resource conservation.
Still today, not all managers consider genetics an important factor in plaIllling conservation measures. This is partly due to ignorance in a field of biology felt to be
difficult. Regrettably enough, it is also due to prejudice (FRANKEL & SauLE 1981,
lac. cit. chapter 5). In accordance with LANDE (1988) it remains, therefore, to be seen
whether conservation efforts will increase fast enough in relation to the rate of
destruction to preserve much of the natural diversity that existed up to the
century.
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