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Abstract

Management of breeding- and free-living populations, traditionally based on phenotypic traits, relays more and more on
availability of reliable information about the basic population genetic parameters as heterozygosity, mean number of alleles
per locus, percentage of polymorphic loci, population structuring, genetic distances and others. Therefore, the application of
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olecular markers, revealing a great deal of phenotypically hidden information, becomes inevitable for population
onservation geneticists use this information for implementation of appropriate management policies. Application of m
arkers in Lipizzan horse breed, which is an example for a pedigreed breeding population, and in two endangered sa
opulations in Slovenia, are presented. In the Lipizzan horse breed, an insight in the population structure, overall hete
elationship between population parameters and phenotypic traits and reliability of pedigree data was gained by using
arkers. Marble trout and Adriatic grayling were selected as examples for free-living populations, seriously endan
uman activity in the past. Development of informative molecular markers, their application and suggestions for ap
onservation actions are described.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

Permanent reduction of biological diversity
earth, which is mainly due to loss of specific habit
pollution, introduced species and overexploitation
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rapidly progressing. A large number of species have
gone to extinction and many others have been reduced
to the point where they urgently require human inter-
vention to protect them from extinction (Lawton and
May, 1995). Free-living populations as well as their do-
mesticated counterparts are affected and therefore, ap-
propriate conservation measures have been developed
for both situations. Conservation of domesticated and
free-living populations contrasts importantly in several
regards: in domesticates, time perspectives are short,
whereas wildlife conservation is open-ended; in do-
mesticates conservation ex situ is applicable, in wild
species conservation in situ is the only possible solu-
tion and finally, generation of genetic variation and se-
lection in domesticates are controlled by man, whereas
wild species living in natural communities are depen-
dent upon variability generated by their genetic system
and are kept in balance with environmental changes
by natural selection (Frankel, 1974). However, recent
development of genome resource banks for wildlife is
beneficial and equal or even more important than its
use in livestock species. Genetic management of rare
populations held in captivity as well as frozen repos-
itories could help to insure wild populations against
natural and human-induced catastrophes (Wildt, 2000).
Molecular markers have been successfully used to re-
solve taxonomic uncertainties, but there are only a
limited number of cases where genetic management is
being used to address inbreeding (e.g. Florida panther)
and loss of genetic diversity in wild populations (e.g.
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ysis of phenotypic traits is unable to reveal population
structure.

The availability of molecular data has also tremen-
dous importance for phylogenetic studies. Because
phylogeny is “the stream of heredity,” only genetically
transmitted traits are informative in phylogeny estima-
tion (Avise, 1994). In order to propose appropriate con-
servation plans for domesticated populations, it is of
crucial importance to know the history of the breed,
possibly underpinned by molecular data. In this re-
gard, mitochondrial DNA (mtDNA), characterized by
maternal inheritance, absence of recombinations and
relatively fast mutation rate has represented the most
informative genomic element for testing out the what,
where and with less confidence the when of livestock
domestication (MacHugh and Bradley, 2001). How-
ever, dealing with a single segregating locus and not
being necessarily concordant with the origin of the
nuclear genome are the widely perceived drawbacks
of the mtDNA phylogeny, which make the applica-
tion of nuclear markers inevitable (Allendorf et al.,
2001). Among them are microsatellites, and more re-
cently SNPs (single nucleotide polymorphisms), the
most frequently used molecular markers, which allow
estimation of basic population parameters, due to their
co-dominant mode of inheritance. However, the possi-
bility of crossing over among nuclear loci can reduce
the informativity of these markers, representing a com-
plication which can be counteracted by the usage of a
larger number of marker loci and asssuming that cross-
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ed-cockaded woodpecker) (Frankham, 1999). Even
hough, the study of gene diversity in free-living, n
ral populations remains in the centre of interest,
ial concern also has to be assigned to conservati
reeds and genetic diversity within domesticated
als. Due to the fact that livestock breeding strate
epend on the availability of a large gene pool, fr
hich useful traits can be selected, conservation o
etic resources becomes pivotal role in planning fur
evelopment of animal breeding, considering all ex

ng breeds, regardless of their usefulness under pr
onditions. Application of numerous molecular ma
rs for population analysis offers fast and reliable

o obtain information about the basic population
ameters, further more, it can also reveal a great
f phenotypically hidden information. Highly info
ative molecular markers (e.g. microsatellites) ar
articular importance, especially in the case when a
ng over is a rare event.
In this short review we present examples and

xperience in application of genetic markers
reservation of well documented pedigreed Lipiz
orse population and usefulness of genetic ma

n description of free-living, endangered (most
uently due to anthropogenic activity) populations
almonids that need to be protected from further
truction or extinction. In both cases, molecular d
an be used first for breed- or population descrip
nd further for conservation plan proposals includ
onitoring of the efficacy of conservation actions.

.1. Example of the Lipizzan horse breed

The history of the Lipizzan breed, at present the
st European cultural horse breed, goes back to
hen the original stud of Lipica was established.



P. Dovc et al. / Journal of Biotechnology 113 (2004) 43–53 45

stud at Slovenian Karst produced riding and light car-
riage horses for the Habsburg court (Dolenc, 1980).
Due to well preserved studbook records, Lipizzan horse
breed represents a unique example of pedigreed do-
mestic animal population. The basic population was
formed from nine stallions and 24 mares, imported
from Spain, and from a number of mares belonging
to the local breed of white Karst horses. Later, im-
ports of Andalusians, Barbs, Italian- and also Arab
horses were important source for formation of the Lip-
izzan gene pool (Nürnberg, 1993). The Lipizzans de-
serve a special attention also because they represent
an important gene pool, where genes from several his-
torical breeds (some of them are already extinct) are
preserved. However, they represent small population,
which could potentially be threatened by stochastic ef-
fects. The available studbook documentation enables
reliable reconstruction of the breed history using dif-
ferent methods for pedigree analysis (Zechner et al.,
2002). By the end of the 19th century, six classical
Lipizzan stallion lines (Conversano, Favory, Maestoso,
Neapolitano, Pluto and Syglavy) and 18 classical mare
family lines were established (Nürnberg, 1998). Later
on two more stallion lines (Incitato and Tulipan) and
20 mare family lines were added. Inspite of the exten-
sive pedigree data, the question about the real genetic
diversity within the breed, as well as genetic structure
of the population, remained unanswered. Therefore, it
was an appealing idea to apply molecular genetic mark-
ers in order to get more objective estimation of genetic
v ity,
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a consequence of numerous imports during the his-
tory of the breed. Indeed, 37 mitochondrial haplotypes,
belonging to all four main equine mtDNA clusters,
were identified in 56 Lipizzan maternal family lines
(Kavar et al., 2002). In order to pay tribute to the cul-
tural value of the Lipizzan breed, names of the founder
mares were assigned to the mtDNA haplotypes, found
in classical mare family lines. All major equine hap-
lotype groups were also represented in the Lipizzan
horse breed (Kavar et al., 1999, 2002) with the excep-
tion of some exotic haplotypes, found in glacial spec-
imens, historical bone samples and in specimens be-
longing to the population of Przewalski horses (Vila
et al., 2001; Jansen et al., 2002). A high degree of sim-
ilarity between mtDNA haplotypes found in the Lipiz-
zan horse breed and in Arabian horses (Bowling et al.,
2000), confirmed historical gene flow from the Arab-
to the Lipizzan population. Lipizzan data also support
the domestication hypothesis, based on the assumption
that domestic horse breeds originate from a large num-
ber of different ancestral populations. Comparison of
molecular and pedigree data revealed, that some mares,
founders of maternal lines, shared the same mtDNA
haplotype (haplotype Capriola is present in 13 and hap-
lotype Batosta in four mare family lines). The most
common haplotype was Capriola (26.4%), followed by
Batosta (10.1%) and Allegra (5.5%). The distribution
of mtDNA haplotypes among different Lipizzan studs
reflects the intensity of exchange of breeding animals
during the history of the breed. A good coverage of
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ariability within the breed, degree of heterozygos
umber and distribution of mtDNA haplotypes and
ally also about the reliability of pedigree records.

Recent analyses of large data sets of horse mt
evealed great heterogeneity of mtDNA haploty
ithin breeds and suggested that several distinct p

ations were involved in the domestication of the ho
Vila et al., 2001; Jansen et al., 2002). Therefore, th
se of mtDNA haplotypes as breed specific mar

n horse is not applicable. However, huge variety
tDNA haplotypes, present within almost all bree
llows elucidation of the population structure us
tDNA data. Lipizzan horse breed became the
edigreed horse population where contribution of

erent maternal lines was examined by DNA seque
nalysis (Kavar et al., 1999), allowing an insight into
enetic diversity of founder animals. The pedigree
uggested very broad pool of mtDNA haplotypes
lassical mare family lines was typical for traditio
tuds (Lipica, Piber, Monterotondo), whereas more
ote studs in Romania, Slovakia and Croatia, w
ere not included so frequently in these exchan
howed very specific selection of only locally pres
are family lines. However, more surprising was

act that in some maternal lines more than one ha
ype was found (Fig. 1). This is an unambiguous pro
hat some pedigree errors occurred during the histo
he breed. The minimal number of maternal pedig
rrors in the whole Lipizzan pedigree was estim

o be 25, however it is possible that some pedigre
ors remained hidden allowing even higher real num
f errors. Based on this data, the proportion of anim
aving maternal parentage in their pedigree in disag
ent with mtDNA haplotype in the present Lipizz
opulation is about 11%. Similar finding was obser
lso in the population of Thoroughbred horses (Hill
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Fig. 1. An example of “historical” matrilineal pedigree error in the Lipizzan horse breed. Pedigree of the maternal line Sardinia L 1778,
harbouring two different mtDNA haplotypes is shown in the diagram. Two haplotypes, Betalka (shown as ellipses) and Capriola (hexagons),
were found in animals from the last two generations of the maternal line Sardinia L 1778. Ellipses and hexagons demonstrate presence of both
mtDNA haplotypes, Capriola and Betalka in the same maternal line. The haplotype Capriola seems to be the correct haplotype, characteristic
for the maternal line Sardinia L 1778, whereas the presence of the second haplotype, Betalka, represents an error in the matrilineal pedigree.
Not analysed samples are shown as rectangles. Location of the animals is colour coded (see legend).
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et al., 2002), where the proportion of pedigree errors in
maternal parentage was detected in eight out of 19 mare
family lines. The drawback of the method is that the
exact identification of wrong entry into the pedigree is
not possible without multi generational material, which
is normally not available. Therefore, only very recent
errors (in the current or in one to two generations be-
fore) can be traced to their origin. In some recent cases
such errors were also successfully confirmed using mi-
crosatellite markers.

Microsatellite data were used for estimation of
microsatellite heterozygosity and genetic distances
among Lipizzan studs and between Lipizzans and some
other horse breeds. Analysis revealed clear clustering
among studs and relative high degree of heterozygos-
ity, comparable with other breeds, lagging only slightly
behind much larger populations as for instance Hol-
steiner, Hannoveraner and Quarter Horses. From the
point of the general usefulness of microsatellite mark-
ers in different horse breeds it is important to stress
that two MS loci, routinely used for parentage test-
ing in horse (HMS3 and ASB2) have mutated prim-
ing sites in Lipizzans, with the consequence that null
alleles and high discrepancy between expected and
observed heterozygosity appeared at these loci in
Lipizzans (Achman et al., 2001). The effect of inbreed-
ing and microsatellite heterozygosity on morphologi-
cal traits was also studied (Curik et al., 2003) and no
overall large effects were found in Lipizzan horse.
However, the usefulness of microsatellite markers for
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relatives approximately five million years ago (af-
ter the Mediterranean Messinian salinity crisis) and
during their long-lasting isolation developed distinct
forms exhibiting pronounced phenotypic characteris-
tics (Bianco, 1990). Some of these taxa are considered
to be on the way to their speciation and therefore rep-
resent an extremely sensitive and vulnerable biologi-
cal system which is due to hybridisation with Danube
relatives, induced by anthropogenic activities, highly
endangered.

1.2.1. Marble trout
A project for rehabilitating marble trout (Salmo

marmoratus) is used as an example to illustrate a suc-
cessful application of molecular markers to preserva-
tion of free-living animals.

The marble trout has a restricted geographical range
in the Po river basin in northern Italy and in the Adriatic
river basin in former Yugoslavia and Albania (Pov̌z,
1995), where it parapatrically coexist with indigenous
brown trout (Salmo trutta; Giuffra et al., 1996). Natu-
ral hybridization between the two species was minimal
(limited only to their contact zones) or none, maintain-
ing undisturbed parallel evolution of both species. The
situation has drastically changed when foreign strains
of brown trout were introduced into the marble trout liv-
ing space in the beginning of the last century. They built
a reproductive bridge between the incipient species,
which resulted in uncontrolled and unstoppable inter-
species hybridization. In the late 1980s, hybrid swarms
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The availability of molecular data will enable co

ideration of rare mtDNA haplotypes and microsa
ite alleles present in low frequencies as an impor
ource of genetic diversity within the breed and w
opefully, contribute to their preservation. This is
ecially important in a small, structured population
hich the Lipizzan horse population is an outstand
xample.

.2. Examples from salmonids endemic to the
driatic river system

The Adriatic district harbours a variety of fres
ater endemic fishes (Behnke, 1968). Due to specifi
aleogeography and especially to the history of
ydrographical systems, they split from their Dan
ominated the majority of Slovenian Adriatic river s
em and only few upper reaches were still inhab
ith marble trout. An action plan for marble trout
abilitation started in 1993 (Pov̌z, 1995; Crivelli et al.
000). Its strategy was to establish a captive bree
rogramme with wild genitor stocks from pure m
le trout populations, in order to release genetic
ure individuals in the hybridization zone until alm
ll foreign alleles had been eliminated (Crivelli et al.,
000). In this sense, a diagnostic test for discrimina
f marble trout from the hybrid swarms was requir
pecies determination based on morphology is d
usceptibility of morphological characters to envir
ental effects and invasive sampling inappropriat

uch cases. Alternatively, molecular genetic appr
an account for a variety of polymorphic characters
re not under selection pressure, and material colle

s harmless for animals. Hence, genetic markers
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Fig. 2. According toBernatchez (2001), the marble trout is con-
sidered an independent phylogeographic lineage of brown trout
S. trutta, which is further divided into four other lineages inhab-
iting the main river systems in Europe: the Atlantic, Danubian,
Adriatic and Mediterranean. Restriction analysis of mtDNA con-
trol region, usingAlu I endonuclease, provides a simple diagnos-
tic method for discrimination between the haplotypes determining
Atlantic/Danubian/Mediterranean (lane 1), Adriatic (lane 2) and the
marble trout lineage from the Soča river basin (lane 3); 100 bp marker
is shown in the lane 4.

applied for establishing a diagnostic tool for marble
trout. In the early 1990s, the first information on marble
trout genetic uniqueness in comparison to brown trout,
inferred from mitochondrial DNA control region, was
given (Bernatchez et al., 1992; Giuffra et al., 1994),
describing a group of haplotypes, which were marble
trout characteristic, and accordingly designated as Ma
(marmoratus). This group of haplotypes, which can be
easily detected byAlu I restriction analysis (Fig. 2),
have been later described also in marble trout from the
Sǒca river basin in Slovenia (Snoj et al., 2000), indicat-
ing this marker might be considered as one of criteria
for evaluating genetic purity of marble trout through-
out the North Adriatic region. The genetic structure of
marble trout in Slovenia was surveyed and compared
to brown trout also at the biochemical level (Berrebi
et al., 2000). In this regard, 31 presumptive enzyme
loci were investigated and four of them (AAT-1∗, LDH-
5∗, SOD∗ and TF∗) turned out as diagnostic for mar-
ble trout. The existing set of marble trout diagnostic
markers was later supplemented by three microsatel-
lite loci from BFRO series (BFRO 1, 2 and 3;Snoj
et al., 1997, 2000; Sǔsnik et al., 1997), all obtained
from the marble trout microsatellite DNA library (Snoj

et al., 1996), enabling discrimination between marble
and brown trout.

Using the collection of marble trout informative
markers, eight genetically pure populations of marble
trout, separated from downstream hybrid populations
by impenetrable barriers, were revealed in the Soča
river basin (Berrebi et al., 2000; Pleško and Budihna,
2000; Snoj et al., 2000) providing material applicable
for conservation strategies. Recent study (Fumagalli
et al., 2002), based on 13 microsatellite loci, revealed
that microsatellite allele number and heterozygosi-
ties of these eight populations were remarkably low
compared to genetic variation at microsatellite loci
commonly observed in other fish species (DeWoody
and Avise, 2000). Given the extremely low levels of
genetic variability detected in those populations, iden-
tification of new genetic source of marble trout would
be beneficial in order to augment the gene pool of geni-
tor stocks and to maximize genetic diversity of reintro-
duced populations. Population disequilibria (Berrebi
et al., 2000) and strong correlation between genetic
and morphological markers characteristic for marble
trout (Delling et al., 2000), detected in the zone of
hybridization indicate that panmixia has not yet been
reached there. This means that genetically pure in-
dividuals of marble trout probably still exist in this
zone, representing, therefore, a potential source of a
new genetic variation. Assortative mating and genome
incompatibilities between the hybridizing taxa might
be a possible reason for such fragmentation (Leary
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ble microsatellite markers may not be a suffic
pproach: they were established in the popula
xhibiting only a limited amount of genetic var
ion, and in addition, microsatellites represent n
ral markers with few or no impact on phenoty
herefore, an additional supporting diagnostic
ay need to be developed. From this perspec
APD markers might represent an acceptable a
ative. Although this fingerprinting method has b
riticized a lot, mainly due to questionable rep
ucibility and prevalently dominant inheritance,
ain advantage in this very case seems to b

heir random distribution over the genome, comp
ng also coding regions, which may lead to the
overy of causative genes for phenotypic traits. A
ttempt in this direction has already been made:
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decamer oligonucleotides have been tested on mar-
ble trout from the upper Soča river system, brown
trout of different origins and F1 hybrids, obtained by
controlled hybridisation of marble and brown trout
(Jug et al., 2004). Twenty nine of these primers
yielded products showing clear and reproducible inter-
specific differences. The RAPD markers obtained by
this analysis have already been applied as a support-
ing tool for management arrangements in hybridisation
zones.

At the end, it has to be stressed that in spite of undis-
puted usefulness of the molecular techniques, the use
of unlinked molecular markers in order to discrimi-
nate purebreds from hybrids has to be cautiously inter-
preted; namely, rather than the overall genotypic origin
of a particular organism, they can only reliably reflect
their own origin. The origin of the rest of the genome,
as inferred from molecular data, should be considered
an estimate, whereby the estimate’s accuracy depends
on the number and distribution of the marker loci used.
Therefore, molecular markers should be used as an ad-
ditional diagnostic criterion, which follows previous
phenotypic selection. One should always be aware that
the final goal of conservation projects as the described
“marble trout project” is the restoration of the indige-
nous population in its original habitat, which means a
reintroduction of individuals with characteristic phe-
notype and capability to transmit it to their offspring.
The combination of phenotypic and genetic selection
is, consequently, inevitable, while any selection con-
s
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native stocks. Particularly in Slovenia, strains originat-
ing from the Sava river have been translocated into the
Sǒca river (Slovenian part of the Adriatic drainage),
which caused a widespread introgression and appear-
ance of hybrid swarms. Due to the grayling natural
range being restricted to the middle part of streams,
the entire native population has been jeopardized by
hybridization, and no isolated parental populations, po-
tentially representing a breeding material for repopu-
lation, existed. Before undertaking any action plan for
grayling restoration in the Soča river, the main idea
was to explore the possibilities for using molecular
markers to identify non-introgressed remains of indige-
nous grayling for future management and supportive
breeding. For this purpose, the first set of microsatellite
markers for grayling was established (Snoj et al.,1999;
Sǔsnik et al., 1999a, 1999b, 2000). Mitochondrial DNA
and additional microsatellites, primarily designed for
other salmonid species, were also applied in popula-
tion and phylogenetic studies of grayling originating
from different locations across Europe (Gross et al.,
2001; Weiss et al., 2002; Koskinen et al., 2002a, 2002b,
2002c). Using mtDNA and 15 microsatellite markers,
genetic distinctness of the grayling population from
the upper Sǒca river system was demonstrated (Sǔsnik
et al., 2001, in press). Nucleotide divergency between
Adriatic grayling and the one of Danubian origin
was, based on mtDNA sequences, more than 3%, pro-
viding evidence for a long-lasting and independent
evolutionary history of grayling inhabiting the north
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.2.2. The case of grayling
Grayling (Thymallus thymallus), a Europea

almonid species is native in the northern part of
driatic river system in Italy and Slovenia. In th
abitat, grayling evolved in a distinct race, herea
eferred to as Adriatic grayling, that morphologica
iffers from its trans-Alpine counterparts inhabiting
djacent Sava river system.

During the last few decades, grayling through
urope have been seriously affected by environm
egradation, over-fishing and in some regions als
epredation by piscivorous birds (Uiblein et al., 2000).
ue to a constant population decline, stocking has

he ultimate conservation action. Non-native str
ere usually used as stocking material, which serio

hreatened the genetic integrity and existence of s
driatic region. Microsatellite analysis provided re
ively high number (12) of alleles, diagnostic for
driatic grayling. Data analysis revealed high co

ation of these alleles with morphological charac
pecific for the Adriatic grayling, (Fig. 3), indicating
ong-lasting parallel development of novel forms
nlinked characters. Extended microsatellite ana
ased on multilocus genotypes revealed extensiv

rogressive hybridisation between the indigenous
ntroduced parental lineages and among the hy
warms as well. On the basis of private allele di
ution and admixture coefficient, it was estimated
nly 50–60% of the original gene pools remained

he Sǒca river and only few non-introgressed indi
ous individuals could be identified.

Prior to antropogenically induced introgressi
he Adriatic grayling used to be reproductively i
ated from other conspecific populations and there
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Fig. 3. Diagram of microsatellite allele distribution including distribution of phenotypic variables according to factorial correspondence analysis
of Danubian and Adriatic populations of grayling in Slovenia (Sǔsnik et al., in press). FCA analysis was performed in Genetix program (Belkhir,
1998). Five phenotypic characters were assessed: the shape of the hump, body colour, the colour of the tail, magenta stain, and number of black
spots.

represents an important component in the evolution
of the species, which allowed its consideration as an
evolutionary significant unit (ESU;Waples, 1995).
Nowadays, when the population is highly admixed,
the question raises whether it deserves to be pro-
tected or not? According toAllendorf et al. (2001),
conservation of hybrids in cases like this should be
considered, because it is the only available option to
avoid the complete loss of the hybridized population.
According to this view, preservation strategies for the
indigenous grayling in the Soča river have been es-
tablished proposing selection of non-hybridized in-
dividuals from the hybrid population to be used as

founders for new populations or for captive breeding.
Sorting of appropriate material should not only rely
on results obtained by genotyping but should consider
specific phenotypic characters as well. The apparent
correlation between genetic markers and phenotypic
characters implies that, in spite of a high level of in-
trogression, the integrated and preserved genome ar-
chitecture of the remnant indigenous population can
still be found in the Sǒca river. Proper management,
supported by selection of breeding stocks for desired
genotype and phenotype, could, therefore, provide the
only satisfactory solution for conservation of the Adri-
atic grayling.
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2. Conclusion

Preservation of biodiversity in free-living as well
as in domesticated species requires a profound knowl-
edge about the basic population parameters and pop-
ulation structure. Efforts in reaching this goal can be
substantially supported by the application of molecular
markers. Modern biotechnology offers a whole pallet of
methods for production and high throughput analysis
of different types of DNA markers. Presented exam-
ples demonstrate the usefulness of molecular markers
for preservation of biodiversity in pedigreed and free-
living populations. In all three cases, the application of
molecular markers considerably contributed to better
understanding of population structure and basic popu-
lation parameters. In the case of Lipizzan horses molec-
ular information will facilitate management of genetic
pool in terms of preservation of genetic diversity within
the breed and help to prevent undesired loss of rare
haplotypes and alleles. Both examples with salmonid
fish demonstrated the power of molecular data for res-
cuing highly endangered populations, even if the hy-
bridization process was already in progress. Marble
trout in the Sǒca river shows also, that even in the
case when pure populations are still available, preser-
vation of specific genes from the hybridization zone
may be important because of their impact on adaptive
capacity. As inferred from mtDNA genetic variants,
the Adriatic grayling was recognized as evolutionary
distinctive population demonstrating highly restricted
g ies
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species, with quantitative trait loci will allow design of
more powerful strategies for preservation of biodiver-
sity and hence more efficient and sustainable breeding
strategies.
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