10
Landscape Genomics in Livestock
1Department

Lorraine Pariset1, Stephane Joost2,
Maria Gargani1 and Alessio Valentini1

for Innovation in Biological, Agro-Food and Forest
Systems (DIBAF), University of Tuscia, Viterbo
2Laboratory of Geographic Information Systems (LASIG), School of Architecture
Civil and Environmental Engineering (ENAC)
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne
1Italy
2Switzerland
1. Introduction
Landscape genomics correlates genetic variation patterns with geographic variables to
investigate how geographical and environmental characteristics affect the genetic structure
of populations (Luikart et al., 2003; Joost et al., 2007; Holderegger & Wagner, 2008; Pariset et
al., 2009; Shwartz et al., 2009). A field combining molecular markers, genetics and landscape
structure was first described by Manel et al. (2003) and its definition evolved and changed in
the following years (Storfer et al., 2007; Holderegger & Wagner, 2006).
Landscape genomics requires the recording of the exact location of the sampling and the
assessment of a number of molecular markers on a representative number of individuals in
a population, obtaining the allelic frequency at these loci (Joost et al., 2008). Markers can
vary from mtDNA to Y chromosome, microsatellites, Single Nucleotide Polymorphisms
(SNP) (Manel et al., 2003; Wang, 2011). The nature of the markers used for the analysis can
affect the detection of geographical structuring of populations, as suggested by Naderi et al.
(2007). The simultaneous use of both nuclear and single parent transmitted markers
(mitochondrial and Y chromosome) is likely to provide more significant results respect to
the use of either marker alone (Hewitt, 2004; Gonçalves et al., 2010; Wang et al., 2011; Pariset
et al., 2011).
Recently, the availability of high density SNP devices for a few species has given new
possibilities of analysis. High throughput genomics is providing new DNA sequences
suitable for gene discovery and for the study of genetic variation at different levels. Most
important, the quick expansion of molecular genetic technologies not only is providing a
huge amount of genomic data and suitable markers: it is offering data at affordable and
constantly declining costs. Therefore the genomic information available for most species,
including livestock, is rapidly increasing (Luikart et al., 2003; Marnis et al., 2007; Segelbacher
et al., 2010; Helyar et al., 2010) making possible the setup of high throughput SNP devices
for livestock (Box 7).
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Box 1. Molecular Markers for livestock landscape genomics
To analyse the interaction between geographic variables and genetic patterns, landscape
genomics requires a high number of molecular markers for providing enough power of
resolution. The main marker systems utilized in livestock studies are AFLPs,
microsatellites or STR, SNPs and CNV.
AFLP
The AFLP technique consists of two steps: a DNA digestion and a PCR amplification.
Specifically, the fragments obtained from digestion are linked to adapters and amplified
using specific primers (complementary to the adapters). This technology generates a
mixture of fragments that are separated and identified by polyacrylamide gel
electrophoresis or by sequencing devices. These markers are assumed to be dominant and
neutral (Vos et al., 1995) and were widely applied to livestock (Negrini et al., 2007;
Ajmone-Marsan et al., 2008, 2011), but they can be used to find genes under selection
with a population genomics method (Luikart et al., 2003). The advantage of AFLPs is that
they allow analyzing several loci in a single experiment and that they can be applied to
species of which genome sequences are unknown. However, their mostly dominant
behaviour makes it difficult to assess allelic frequencies when Hardy Weinberg
equilibrium is not assured. They also require substantial hand work.
Microsatellites
Microsatellites are codominant markers located in the nuclear DNA. They are short tandem
repeats of two to eight or more nucleotides which occur as interspersed repetitive elements
in all eukaryotic genomes (Tautz & Renz, 1984). The microsatellite polymorphism consists
in the number variation of the tandem repeated units; the alleles at the same locus differ in
their length. After PCR amplification performed using primers flanking the repeated motif,
the different alleles are analyzed by gel electrophoresis or by automated sequencers. The
microsatellites are not very suitable for massively parallel analysis because traditional
multiplexing cannot be expanded to more than a few loci (far less than 20); too many DNA
amplifications are required and microsatellite are now being replaced by more efficient
systems. However, recently a STR profiling method was developed using the Roche
Genome Sequencer FLX to sequence multiple microsatellite loci (Fordyce et al., 2011).
Mithocondrial DNA
Mitochondrial DNA (mtDNA) is a uniparental marker as its inheritance is clonal (maternal)
and it is not subject to recombination (Galtier et al., 2009). mtDNA is present in hundreds of
copies per cell and evolves 10 times faster than nuclear DNA. The evolution of
mitochondrial genes varies from region to region: the ribosomal DNA genes are highly
conserved; the region known as non-coding control region (containing the displacement
loop or D-loop and the origin of replication) is much more variable since it is deemed to be
not being subject to selective pressure. Mitochondrial markers are amplified by PCR and
then sequenced or, today more rarely, assessed by restriction enzymes. Sequencing can be
performed by Sanger or by parallel devices (Galtier et al., 2009). The multiplicity of copy
number of mtDNA in a cell makes it suitable for the analysis of ancient specimens.
Sequencing data obtained are then aligned and analyzed with appropriate bioinformatics
programs.
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Single Nucleotide Polymorphisms
SNPs (Single Nucleotide Polymorphisms) are the most common form of polymorphism
among individuals, arising approximately every 200 base pairs in livestock (Williams,
2005). A SNP marker is a single base change in a DNA sequence (Vignal, 2002). The main
methods for the identification of new single nucleotide variations are direct sequencing of
regions of interest and in silico research that allows the identification of SNPs through
alignment and comparison of sequences using public sequence databases (Guryev et al.,
2005). Expressed sequence tags (ESTs) including numerous copies of the same gene
sequence can be used to identify SNPs in silico (Primmer, 2008). ESTs are becoming
publicly available with increasing frequency; they represent a cheap and effective tool for
identifying gene-linked markers and are available also for species not yet fully sequenced
(Pariset et al., 2009c, 2010b). Today, millions of SNPs are discovered by resequencing
different individuals by parallel sequencers. After sequencing, SNPs can be selected and a
chip that allows the diagnosis of the alleles for a very low cost (well below 1/1000 of USD
each, depending on market and species) can be devised. Y chromosome SNPs constitute
another important source of uniparental markers (Nijman et al., 2008). Due to their
abundance and to the recent availability of high throughput analysis technologies, SNP
markers are being used more and more and have begun the most suitable markers for
landscape genomics.
CNV
Copy Number Variation (CNV) refers to genomic structural variations that involve
DNA segments ranging from 1 kb to 5 Mb (Feuk et al., 2006). The quantitative variants
comprising insertions and deletions, as well as inversions and translocations, are
relative to a reference genome sequence (Scherer et al., 2007). CNVs represent an
important source of genetic variation among individuals and cover more nucleotide
sequences per genome compared to SNPs markers (Conrad et al., 2010). Some studies
have demonstrated that CNVs can influence gene expression through position effects,
and can be related to human diseases (Feuk et al., 2006; Zhang et al., 2009). The
common methods for CNVs detection and analysis are SNP arrays and array
comparative genome hybridization microarrays (CGH). The advantages of using the
arrays are their low cost and high-density which make them ideal for large population
screening (Perkel, 2011). About 29,000 CNVs have been identified in humans (Conrad
et al., 2009), and it was estimated that two individual genomes have differences in
CNVs on order of 500 to 1000 (Perkel, 2011). CNVs dataset have been identified in
cattle using both high-density CGH and SNP array data. For example, CGH arrays
have been used to identify 25 germline CNVs in three Holstein bulls (Liu et al., 2008);
Liu et al. (2010) discovered over 200 candidate CNV regions some of which contribute
to the breed formation and adaptation. Fadista et al. (2010) identified 304 CNV regions
in 20 animals belonging to four cattle breeds. SNP data from Bovine HapMap
Consortium samples were used to identify 682 candidate CNV regions in a diverse
panel of 521 animals from 21 different breeds (Hou et al., 2011). Using the
BovineSNP50 genotyping data 368 CNV regions from 265 Korean Hanwoo cattle and
682 candidate CNV regions in a diverse panel of 521 animals from 21 different breeds
have been identified (Bae et al., 2010).
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Landscape Genomics has proven ability to detect statistical signals that associate loci with
environmental parameters in very different species, like Hylobius abietis and Ovis aries (Joost
et al., 2007). The use of a high number of markers allows the identification of loci that may
be under selection. In fact, loci under selection may be non-optimal for calculating
population parameters while they can be useful in assessing local speciation, adaptation
and, in the case of livestock, the effects of human selection (Storz, 2005; Joost et al., 2008;
Pariset et al., 2009b; Manel et al., 2010). This approach presents differences when analyzing
livestock or wild species (Bruford, 2004). Gene flow in natural populations depends on
ecological characteristics and global or local environment, while for livestock it is influenced
mainly by human activities (Manel et al., 2003; Storfer et al., 2007; Berthouly et al., 2009;
Anderson et al., 2010). Present day livestock breeds are the result of years of human
selection, adaptation to different environments and demographic effects as domestication,
migration, selection of the more desired individuals, all contributing to the actual patterns of
genetic diversity (Bruford et al., 2003).
Threats to biodiversity, in terms of extinction rate, destruction of ecosystems and habitat,
or loss of genetic diversity, are increasing within the species utilized in agriculture.
Livestock plays a fundamental role in human society, as source of both food and nitrogen
and greenhouse gas contributing to environmental pollution and climate change (Joost et
al., 2009). Livestock sector is losing genetic diversity as large-scale production expands
(Taberlet et al., 2008; Joost et al., 2010; Anderson et al., 2010). After domestication process,
livestock sector has changed remarkably because of the intense anthropogenic selection
(Taberlet et al., 2008; Joost et al., 2011). As a consequence, farmers progressively
substituted less productive local breeds with highly productive cosmopolitan breeds and
progressively a significant number of native breeds disappeared (Simianer et al., 2003). It
is more strategically important than ever to preserve as much of the livestock diversity as
possible, to ensure a prompt and proper response to the needs of future generations. In
this context, approaches based on the combination of genomics and spatial analysis is of
great help.

2. Landscape analysis methods
Analysis techniques in landscape genetic employ various statistical approaches that can
be applied using several statistical software, some of which are listed in Box 3. Statistical
procedures for estimating genetic subdivision as AMOVA or F statistics (Wright,
1951; Excoffier et al., 1992) calculate divergence among populations. Statistical methods
suitable for landscape analysis rely mostly on IBD, multivariate analysis and clustering
models. They relate genetic variations to demographic data that can include aspects of
the landscape.
2.1 IBD (isolation by distance)
The genetic structure of natural populations is influenced by the limited gene flow occurring
when geographical distances increase between them. The non random mating is a result of
the preferentially reproduction between geographically close individuals; this means that
the genetic distance between individuals or populations is proportional to their spatial
distance (isolation by distance). The IBD models are used to study demographic, migratory
reproductive aspects of populations (Loiseau et al., 2009; Petit et al., 2001; Prugnolle et al.,
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Box 2. GIS and GIScience
Geographical Information Systems (GIS) are specific systems designed to capture, store,
manipulate, manage, analyze, and present digital geographically referenced data. In
short, GIS constitute the merging of cartography, statistical analysis, and database
technology. They belong to a rich set of methods, approaches and techniques, gathered
together within a science (GIScience) to investigate the fundamental issues arising from
the use of geographic information (Longley et al., 2001). GIScience consists of a two-sided
discipline made up of its own technology driven research and development closely
related to computer science (software, databases, formats, etc.), and of a collection of
theories and statistical modelling approaches that explicitly use the spatial referencing of
data (Goodchild & Haining, 2004).
2005). The presence of an IBD pattern is usually inferred using Mantel test (1967) which is a
regression typically used to test for non-random associations between genetic differentiation
(between pairs of individuals) and their geographical distance matrices (Manel et al., 2003;
Guillot et al., 2009). A partial Mantel test is used to compare three or more variables
allowing to identify, among a set of landscape variables, those that are associated with a
significant levels of the genetic distance among individuals (Manel et al., 2003; Epps et al.,
2005; Guillot et al., 2009).
Box 3. Software for Landscape genetics analysis
BAPS
BAPS is a program for Bayesian inference of the genetic structure in a
(Corander et
population. BAPS assigns individuals to genetic clusters by either mixture
al., 2008)
or admixture models assuming HWE within cluster. The analyses can be
done using a non-spatial, and spatial model for genetic discontinuities in
populations. The spatial model requires that coordinate data is available
for the clustered units (groups or individuals).
(http://web.abo.fi/fak/mnf/mate/jc/software/baps.html)
Genclass
Genclass uses Bayesian and likelihood approaches to detect migrants
(Piry et al.,
and to assign individuals to populations. Assumes HWE and calculates
2004)
if a genotype can be excluded from a given population.
(http://www.montpellier.inra.fr/URLB/index.html)
Structure
Structure uses a Bayesan approach to investigate the population genetic
(Pritchard et
structure using multi-locus genotype. Assuming HWE it infers the presence
al., 2000)
of distinct populations, detects new migrant and admixed individuals,
assigns individuals to populations and studies hybrid zones.
(http://pritch.bsd.uchicago.edu/software/structure2_1.html)
Geneland
Geneland is a R package that processes individual multilocus genetic
(Guillot et al.,
data to detect population structure, assuming HWE and linkage
2005)
equilibrium. Genland integrates spatial contiguity of individuals with a
Bayesian genetic assignment. As a result, individuals are assigned to the
genetic cluster not only on the basis of their genotype, but also of their
geographic locations. The program provides a graphic with a spatial
distribution of the subdivision.
(http://www2.imm.dtu.dk/~gigu/Geneland/#)
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Fdist
(Beaumont &
Nichols, 1996)

Lamarc
(Kuhner, 2006)

SAM
(Joost et al.,
2008)

BayesAss
(Wilson &
Rannala, 2003)
BayeScan
(Foll &
Gagiotti, 2008)

Allele in
space (AIS).
(Miller, 2005)

BATWING
(Wilson et al.,
2003)

NewHybrids
(Anderson &
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Fdist is a program for the identification of loci that might be under
selection in structured populations. Fdist detect loci that show
unusually low or high levels of genetic differentiation using the statistic
of Fst. A plot of Fst and heterozigosity, using a coalescent model,
identifies outlying Fst values. The program assumes an infinite or finite
model of migration.
(http://www.rubic.rdg.ac.uk/~mab/software.html)
Lamarc is a program based on likelihood analysis to calculate effective
population sizes assuming constant mutation rates among loci, a
recombination rate, population exponential growth rates, and past
migration rates assuming a stable migration structure.
(http://evolution.gs.washington.edu/lamarc/lamarc_prog.html)
SAM (Spatial Analysis Method) is an approach that gives the possibility
to identify loci likely to be under natural selection. SAM analyzes the
association between the allelic frequencies at molecular markers and
data from various environmental variables. To this end SAM uses one
or more environmental variable describing the sampling location and a
molecular marker matrix. Using a logistic regression, this method
associates the frequency of molecular markers with the environmental
parameters at each site and highlights the potential markers linked to
genomic regions involved in adaptation.
(http://www.econogene.eu/software/sam/)
BayesAss uses a Markov chain Monte Carlo (MCMC) method to
estimates recent migration rates between populations. It also estimates
each individual’s immigrant ancestry, and inbreeding within
populations. Loci are assumed to be in linkage equilibrium.
(http://www.rannala.org/labpages/software.html)
BayeScan is a program that identifies candidate loci under natural
selection from genetic data, using differences in allele frequencies
between populations and it is based on the multinomial-Dirichlet
model. BayeScan accepts different types of data: (i) codominant data (as
SNPs or microsatellites), (ii) dominant binary data (as AFLPs) and (iii)
AFLP amplification intensity, which are neither considered as dominant
nor codominant. (http://cmpg.unibe.ch/software/bayescan/)
AIS is a program that combines information from genetic and spatial
data. It performs some spatial analyses with genetic data: Mantel Tests,
Spatial Autocorrelation Analyses, Allelic Aggregation Index Analyses
(AAIA), Mommonier's Algorithm, and "Genetic Landscape Shape"
interpolations. (http://www.marksgeneticsoftware.net/AISInfo.htm)
BATWING uses a Markov chain Monte Carlo (MCMC) method to
assess the past demography of populations based on multilocus
genotypes. It estimates mutation rates, effective population sizes and
growth rates, and times of population splitting events.
(http://www.maths.abdn.ac.uk/˜ijw)
NewHybrids is a program for computing the posterior distribution that
individuals fall into different hybrid categories. It uses a Bayesian
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(Hey &
Nielsen, 2004)
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approach and assumes the HWE within parental populations.
(http://ib.berkeley.edu/labs/slatkin/eriq/software/software.htm)
The program estimates the effective population size and migration rates
in different populations using maximum likelihood and Bayesian
inference. It assumes constant migration rates.
(http://popgen.sc.fsu.edu/)
IM program uses Bayesian inference to estimate the divergence time
and migration occurred in the ancestry of two populations. The
program assumes no linkage and recombination between loci.
(http://genfaculty.rutgers.edu/hey/software)
Hickory is a program that estimates F population statistics from
subdivided subpopulations. It uses a Bayesian approach and reports the
posterior distribution of inbreeding coefficients and FST.
(http://darwin.eeb.uconn.edu/hickory/hickory.html)

2.2 Spatial clustering
Spatial clustering models start by the assumptions that loci are in HWE and there is no
admixture within clusters. They assign individuals assuming that some allele frequencies
are cluster-specific. The early and still widely used program based on clustering is
STRUCTURE (Pritchard et al., 2000). This program describes the genetic structure of
populations using multilocus genotype data, assuming that there are K clusters, defined
by allele frequencies at each locus. Modifications of the original model, recently reviewed
by François & Durand (2010), include presence of genetic linkage (Falush et al., 2003;
Hoggart et al., 2004; Corander & Tang, 2007), inbreeding (François et al., 2006), migration
(Zhang, 2008), mutation (Shringarpure & Xing, 2009) and dominance (Falush et al,. 2007).
Recently developed Bayesian clustering models such as those implemented in
GENELAND (Guillot et al., 2005) and BAPS5 (Corander et al., 2008) take into account of
individual geographic coordinates.
2.3 Multivariate analysis
Principal component analysis (PCA) is mainly used to represent individual or populationspecific variations in allele distribution. Firstly used by Cavalli-Sforza and Edwards
(1963), the method is again widely used to investigate population structure being
computationally efficient and capable of handling wide datasets, where STRUCTURE
requires high computational cost. PCA is still largely employed (Cavalli-Sforza et al.,
1993, 1994; Novembre & Stephens, 2008) and recently applied to the study of population
structure dealing with large datasets (Patterson et al., 2006; Lao et al., 2006; Jakobsson et
al., 2008; Li et al., 2008; Novembre et al., 2008; Price et al., 2010), also in comparison with
the Bayesian approach implemented in STRUCTURE (Price et al., 2006; Seldin et al., 2006).
PCA represents population structure by means of genetic correlations among individuals.
Another related method capable of detecting population structure is multidimensionalscaling (MDS) (Purcell et al., 2007; Li & Yu, 2008; Wang et al,. 2009), a method that
explains observed genetic distance among individuals by the configuration of points and
visually displays the structures hidden in the original data.
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Box 4. Georeferenced data
Georeferenced data are geographic coordinates defining the location of investigated
objects at the surface of the Earth. They constitute additional descriptors or variables in
the data sets, generally X for longitude, Y for latitude and Z for altitude when recorded.
Within a GIS, it is possible to simultaneously use different data sets. These datasets
constitute separate information layers, whose overlay is possible only if their geographic
components (X,Y) use the same projection system. A projection system is a method of
representing the surface of a sphere on a plane, necessary for creating maps. Data sets
from diverse national origins are produced in diverse projection systems, most often
conforming to the geographical specificities of the country where the information is
produced. Indeed, the location on the earth and the surface of a country influence the
choice of the projection system. Given a frequent heterogeneity of data sets, the use of a
common system facilitates the management and use of geodata. Such a universal
projection system is longitude-latitude with a standard World Geodetic comprising a
standard coordinate frame for the Earth, a standard spheroidal reference surface for raw
altitude data, and a gravitational equipotential surface (the geoid) defining the nominal
sea level. This system is made of latitude lines (parallels) that run horizontally, and of
vertical longitude lines called meridians. Parallels are equidistant from each other, and
each degree of latitude is approximately 111 km apart. Degrees of latitude are numbered
from 0° to 90° north and south. Zero degrees is the equator, 90° north is the North Pole
and 90° south is the South Pole. Meridians, on the other hand, converge at the poles and
are widest at the equator (111 km apart). Zero degrees longitude is located at Greenwich,
England. The degrees continue 180° east and 180° west, where they meet and form the
International Date Line in the Pacific Ocean. To precisely locate points on the earth's
surface, degrees longitude and latitude were divided into minutes (') and seconds (").
There are 60 minutes in each degree, and each minute is divided into 60 seconds. Seconds
can be further divided into tenths, hundredths, or thousandths. Geographic coordinates
can be displayed either in decimal degrees (e.g. 68.135°) or in sexagesimal system
(degrees, minutes, and seconds: 68°8’6’’).

3. How landscape genetics/genomics can be used to infer history and
migration of modern breeds
Domestication of many livestock species started about 10,000-5,000 years BP (Bruford et al.,
2003). The localisation of the domestic centres can be traced back by simply observing the
patterns of genetic diversity (GD) among individuals/populations of the species. GD is
higher at the centre of domestication and decreases radiating from it. Landscape genetics is
particularly powerful for the identification and illustration of these historical events. The
domestication centres for the major livestock species have so far been assessed, e.g. goat
(Naderi et al., 2008), sheep (Chessa et al., 2009), cattle (Ajmone- Marsan et al., 2010), pig
(Larson et al., 2007), chicken (Kanginakudru et al., 2008), yak (Wiener et al., 2003). From
domestication centres, livestock followed human migrations by demic expansion (Cavalli
Sforza, 1966) or by active trade (Ajmone-Marsan et al., 2010). For the reconstruction of
migration routes landscape genetics has been extensively used to infer also possible
alternative routes through land or sea (Pariset et al., 2011). Since molecular markers include
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sex specific ones, like Y chromosome and mtDNA markers, geographic maps of genetic
diversity can be constructed for inferring male or female mediated gene flow (Hanotte et al.,
2000). Landscape genetics can also provide the basis for ascertaining co-migration of
livestock and humans. Pellecchia et al. (2007) found in Italian cattle haplotypes shared with
Turkey breeds, nevertheless distance and discontinuity between the two countries. The data
were interpreted as co-migration of Etruscan people along with their cattle around 3000
years BP, therefore corroborating the hypothesis of the middle-East origin of this people.
Wild yak are believed to have been domesticated about 5000 years ago in the Qinghai-Tibet
Plateau and then dispersed to occupy their current distribution (Zhang, 1989; Wiener et al.,
2003). Xuebin et al. (2005) report lack of evidence for recent bottleneck in any of yak
populations studied suggesting that the low level of genetic differentiation and the high
level of diversity within populations observed today is more likely explained by the recent
origin of these populations from a common ancestral population with large effective
population size.

4. The importance of landscape genomics in livestock: Main differences with
respect to wild animals
Landscape genetics has been mainly applied to the study of the genetic structure in wild
populations, where components such as habitat preference can be assessed. In landscape
genetics the matrix of habitat, morphological, climatic (etc.) features is considered as a major
cause of biological and ecological processes influencing the population structure of wild
population (Holderegger & Wagner, 2008). Recently, the field of livestock landscape
genomics, where data such as environmental, socio-economic and demographic
characteristics are geo-referenced, has boosted during the last decade (Joost et al., 2009).
In livestock the study of adaptation of different breeds to the environment is of crucial
importance in order to support production systems based on adapted breeds reducing
impact on the environment, and making better goods available to consumers: landscape
genomics, studying the animal genome coupled with the description of landscape
(including biotic, abiotic, human and market influences), offers a tool to identify the
genotypes suitable to a given environment (Joost & Negrini, 2010). Within the landscape
genomics studies in livestock, the Econogene project (http://www.econogene.eu)
developed a programme with the aim of promoting the sustainable conservation of genetic
resources in sheep and goats. Combining a molecular analysis of biodiversity, socioeconomics and geostatistical systems the project defined strategies of genetic management
and rural development.
Landscape genomics in livestock depends on the topography and on farmer market
preferences and social structure. When analysing domesticated populations, characteristics
of farms and farmers, as their isolation or farmers’ practices, could affect the genetic
structure of the animals. For example, the geographical location of farmers may facilitate or
reduce animal exchanges influencing the gene flow. When dealing with livestock
populations it would then be useful collecting as environmental factors human activities
such as human density, roads or hunting activities (Bertouly et al., 2009).
One of the differences between landscape analysis in wild and domesticated species is that,
in the latter, anthropic selection plays a relevant role. Therefore many loci reflect the
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domestication history of the species and are influenced by the human needs for certain
characteristics. As a consequence, a high percentage of loci purposely chosen for influencing
potentially selected traits could result under selection (Pariset et al., 2009a). This will be
discussed in the next paragraph.
Box 5. GPS
The Global Positioning System (GPS) is a worldwide radio-navigation system developed
and maintained by the U.S. government, formed from a constellation of 27 satellites (24 in
operation and three extras in case one fails) and their ground stations. Initially designed
for military applications, a decision directive was signed by President Clinton in 1996
describing GPS as an international information utility.
Each of these satellites circles the globe at about 19’300 km, making two complete
rotations of the Earth every day. The orbits are arranged so that at any time and
anywhere, there are at least four satellites visible in the sky.
Radio signals are sent from orbiting satellites to Earth. GPS receivers on the ground can
collect and convert these radio signals into position, velocity, and time information and
calculate positions accurate to a matter of meters.
To this end, a GPS receiver has to locate four or more of these satellites, figure out the
distance to each, and use this information to deduce its own location by means of
triangulation (or trilateration). To triangulate, a GPS receiver measures distance using the
travel time of radio signals. GPS accuracy is affected by a number of factors, including
satellite positions, noise in the radio signal, atmospheric conditions, and natural barriers
to the signal. These factors can create an error between 1 to 10 meters and may result
from interferences caused by a physical obstacle near the receiver or a radio emission on
the same frequency. For instance, objects such as mountains or buildings can also error
sometimes up to 30 meters. The most accurate determination of position occurs when the
satellite and receiver have a clear view of each other and no other objects interfere.

5. Detection and consequences of artificial selection in livestock
Landscape genomics needs the simultaneous study of a high number of markers, mainly
neutral but including also genes under selection. This combination of loci with different
characteristics can aid in understanding the action of evolutionary forces (selection, drift,
migration) influencing the genetics of livestock populations. In this matter we are helped by
the fact that many innovative tools, such as medium or high density SNP chips, are now
available for many domesticated species (cattle, pig, sheep, chicken already available; goat
in progress - see Box 7) and custom chip (see Box 7) are sold at relatively low cost.
Recently many authors emphasized the need of accompanying the analysis of neutral
markers with those of loci under selection, which may directly reflect environmental change
(Kohn et al., 2006; Hoffmann & Willi, 2008; Primmer, 2009). The analysis of population
genetic measures like Wright's F statistics (Wright, 1978; Weir & Cockerham, 1984) as
continuous distributions across a genome (Storz, 2005; Foll & Gaggiotti, 2008; Excoffier et al.,
2009) can help in identifying genomic regions showing significant differentiation among
populations, thus regions that have likely been under natural selection (Nielsen et al., 2007;
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Box 6. Next Generation Sequencing
Next generation sequencing (NGS) generates hundreds of millions of sequence reads
in parallel. New NGS technologies are based on production of ‘libraries’ obtained by
breaking the entire genome into small pieces which are then ligated to designated adapters.
The DNA templates are read randomly during DNA synthesis (sequencing-by-synthesis)
(Zang et al., 2011). Several NGS platform recently developed allow larger-scale DNA
sequencing:
454 sequencing
The 454 system developed by Roche was the first commercial platform. During library
construction the DNA is fragmented and ligated to adapters. The fragments are linked to
microbeads that have millions of oligomers complementary to the adaptor sequences and
then amplified by emulsion PCR (Dressman et al., 2003; Margulies et al., 2005). The 454
Genome Sequencer uses the pyrosequencing technology in which the nucleotide addition
leads to a pyrophosphate release that triggers an enzymatic cascade and consequently a
light signal (Ronaghi et al., 1998). The 454 platform gives a length reads of 500bp and 400600 Mb per run.
(http://www.454.com).
Illumina
Illumina – Solexa sequencing technology is a platform based on massively parallel
sequencing of millions of fragments using reversible terminator-based sequencing
chemistry (modified Sanger). This technology uses a bridge amplification in which the
fragmented genomic DNA is arranged on an optically surface and amplified to create a
high density sequencing flow cell. The sequencing system uses reversible terminator
dideossinucleotides with removable fluorescent dyes. The Illumina HiSeq 2000 Genome
Analyzer produces single reads of 2 x 100 bp (pair-end reads), and generates about 200
giga basepair (Gb) of short sequences per run with accuracy of 99%.
(http://www.solexa.com).
ABI solid
The SOLiD platform uses the emulsion PCR in which the amplicons are captured on
small magnetic beads (1m). The sequencing reaction is catalyzed by a DNA ligase and
relies on serial ligation of labelled oligonucleotides. SOLiD4 platform produces 80-100
Gbp per run and read length of up to 50 bp with system accuracy greater than 99.94%.
(http://www.solid.appliedbiosystems.com).
Ion Torrent
Ion Torrent technology uses a new approach to sequencing based on the detection of
hydrogen ions released by DNA polymerization process. A semiconductor chip captures
voltage measurements due to hydrogen ions and directly convert the chemical
information to digital sequence information. Ion Torrent offers different sequencing chip
densities producing from 10 Mb to more than 1 Gb of sequences. The technology
produces a read length of 200bp, and it is expected to get read length of 400bp in 2012.
(http://www.iontorrent.com/).
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Bonin, 2008; Akey, 2009) that can be used to identify candidate genes for functional analysis
(Akey et al., 2002; Vigouroux et al., 2002; Roberge et al., 2007; Bonin et al., 2009; Bigham et
al., 2010).
The methods of Fdist and SAM were used to detect signatures of selection in goats,
confirming the usefulness of both methods in outlier loci identification (Pariset et al., 2009b).
By adding or removing neutral markers from datasets it could be possible to individuate the
effects of the forces acting on a population (Pariset et al., 2009a, 2011). This will work in an
efficient way if the number of markers is high, as in the case of landscape genomics.
On a short timescale, migration-drift equilibrium should result in the conservation of
genetic differentiation. Differentiation between populations would increase with drift
occurrence and decrease in the case of migration.
In the evolution of functional traits, diversification occurs as a result of chance and selective
processes. In wild populations, founder effects can result in stochastic evolution acting
against adaptive evolution; then founder effects can be assessed by testing for the signature
of natural selection. This is not the case in livestock, where human selection acts sometimes
against stochastic and natural selection. Particularly during the last century, the livestock
sector has undergone striking changes as large-scale production expanded, leading to the
formation of well-defined breeds, exposed to intense anthropogenic selection. Selective
breeding in fact results in the increase of the phenotypes with desired characteristics (and
sometimes with undesired characteristics, as in the case of CVM in Holstein cattle, see
Agerholm et al., 2004). This will be better analysed in the next paragraph.
Therefore human selection can have effects similar to those of bottleneck and genetic
drift, particularly amplified by the fact that sex ratio is strongly biased and by the progress
of management practices, the introduction of artificial insemination and embryo transfer,
resulting in reduced allelic diversity and heterozygosity, a non-random sample of the
genes in the population and the loss of rare alleles (Nei et al., 1975; Allendorf, 1986; England
et al., 2003).
Bottleneck detection is mainly used for the interpretation of historical demography of wild
populations and for endangered wild species management (Hundertmark & Daele, 2010).
Anyway its detection results of crucial importance also in livestock, where local and typical
flocks are represented by small number of animals. In fact, a significant number of cattle,
sheep, and goat breeds already disappeared and many are presently endangered (FAO,
2007) because farmers progressively substitute the less productive, locally adapted, native
breeds with highly productive cosmopolitan breeds and progressively abandon marginal
areas (Taberlet et al., 2008).

6. Landscape analysis and regions associated with adaptation and disease
resistance
Landscape genetics can be useful at identifying environmental and landscape components
in the spreading of diseases, for example tracking hosts to assess aetiological agents spread
(Archie et al., 2009), providing data relevant for health, studying epidemiology of zoonoses,
understanding the spread of disease, designing optimal surveillance and control programs
and identifying interactions affecting spatial patterns of disease incidence (Guillot et al.,
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2009). SAM could assist the discovery of genomic regions linked to quantitative trait loci
implicated in selection and adaptation (e.g. for disease resistance). One striking example in
Scottish Blackface sheep is the identification of an allele at locus DYMS1 (from the major
histocompatibility complex), associated with the number of wet days using SAM (Joost et
al., 2007). In a previous study Buitkamp and collaborators found this locus linked to parasite
resistance in the same sheep breed (Buitkamp et al., 1996). After Ostertagia circumcincta
infection the faecal egg counts were associated with the major histocompatibility complex
alleles (Buitkamp et al. 1996). By using both SAM and Fdist methods, Joost et al. (2007)
detected an outlier allele at locus OARJMP29 that has been showed to be implicated in a
disease resistance. The SAM method can also contribute to monitor and control the
infectious disease processes (Biek & Real, 2010). The spatially explicit Bayesian clustering
methods were used to analyse the genetic structure of European wild boar affected by
classical swine fever in order to identify geographical barriers for disease management
units. The results showed an overestimation of genetic structure when using Bayesian
clustering methods in data sets characterized by isolation by distance. This bias could lead
to the erroneous delimitation of management or conservation units (Frantz et al., 2009).
Cringoli et al. (2007) used the landscape genomics approach to understand the role of sheep
in the cystic echinococcosis disease transmission to cattle and buffalo. The authors found a
higher incidence of the disease in cattle and buffaloes farms that showed a close proximity
with the sheep farms in the studied area. Moreover the higher prevalence found in cattle
compared to water buffalo farms is explained by the lower distance between the sheep and
cattle farms than those between the sheep and water buffalo.
An example of how landscape genomics can provide analytical tools in the mapping of
diseases is reported by Tum et al. (2007). The authors compared the maps produced using
geographic information systems and field measurements to predict the levels of risk of
fasciolosis due to Fasciola gigantica in Cambodia cattle and buffalo. They found a good
correlation between the two methods indicating the power of using GIS (Box 2).

7. An overview of geographical patterns of livestock genetic diversity
The loss of diversity of livestock breeds is affected by genetic drift, inbreeding,
introgression, natural and artificial selection (Bruford, 2004). The application of landscape
genomics is suitable to develop our understanding of the mechanisms leading to livestock
genetic change (Luikart et al., 2003).
Unlike cattle or water buffaloes, sheep and goats are raised by almost all ethnic groups,
representing suitable systems to study the effect of farmer connectivity on livestock genetic
structure. Berthouly et al. (2009) reported the effects of gene flow due to the spatial distribution
of ethnic groups, farmer ethnicity and husbandry practices on goat spatial pattern. Good
examples of application of spatial genomics to sheep and goats was performed by the
Econogene project (http://www.econogene.eu) (Pariset et al. 2006; Bertaglia et al., 2007; Peter
et al., 2007; Cañon et al., 2007; Pariset et al., 2011). Within the same project Joost et al. (2007)
analysed European sheep breeds and found 40 alleles significantly associated with at least one
environmental parameter; Pariset et al. (2009b) using different landscape genomics approaches
identified adaptive variation in goat, which is characterized by a large range of climatic
conditions in the rearing areas and by a history of intense trade.
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Box 7. High-throughput SNP genotyping in livestock
New DNA sequencing technologies have recently made feasible the discovery of SNPs
virtually in all species. Millions of SNPs have been discovered in recent years and
deposited in the NCBI (National Center for Biotechnology Information) database dbSNPs
(http://www.ncbi.nlm.nih.gov/projects/SNP/).
Technological progresses now make available tools for typing hundreds of thousands of
SNPs in the same individual. Some of the techniques described in Box 1 are suitable for
high-throughput SNP genotyping; however one of the most efficient systems to analyse
many SNPs simultaneously is microarray/chip analysis (Perkel, 2008). Hundreds of
probes synthesized on a single chip allow the analysis of many SNPs simultaneously.
Affymetrix and Illumina systems offer the densest platforms for SNP genotyping in
livestock. Using data from the bovine HapMap project, Affymetrix has produced a 25K
SNP panel. This chip can analyze approximately 25000 SNPs discovered by sequencing
the bovine genome. The Illumina technology allows the analysis of thousands of SNPs
and recently became the most popular platform. The Illumina iSelect BeadChip are thus
more functional for large amounts of SNP genotyping assays and achieve high densities
that include tens of thousands of point mutations distributed throughout the genome.
Illumina has developed several panels for the SNP genotyping including the GoldenGate
Bovine3K BeadChip that provides 2,900 SNPs, the BovineSNP50 BeadChip consisting of
54,609 informative SNP probes that uniformly span the entire bovine genome, the
BovineHD BeadChip which is the most comprehensive genome-wide genotyping array
with more than 777,000 informative SNP across bovine genome; the PorcineSNP60
BeadChip with 62,000 SNP validated in seven economically important pig breeds; the 60k
SNP BeadChip in chicken; the OvineSNP50 BeadChip with 52,000 SNP partially
discovered by sequencing 60 animals from 15 breeds and partially derived from the ovine
draft genome and the GoatSNP50 chip that will be released by December 2011. Low
density SNP chips are also available from a selection of markers from the largest devices.
Imputation methods allow to reconstruct the more dense genotype with accuracy higher
than 95% (Nothnagel et al., 2009).
Currently commercial microarray platforms allow the development of custom
genotyping array. Illumina provides the platform Golden Gate to identify 384 to 3,072
SNPs per sample and Affymetrix provides MyGeneChip Custom Arrays.
Sequenom MassARRAY platform combines a primer extension chemistry with the
MALDI-TOF mass spectrometry to characterize genotypes with the highest levels of
reproducibility. It is possible to multiplex up to 40 SNPs in a single well and process up to
384 samples in parallel.
Fluidigm performs TaqMan SNP genotyping and offer some benefits including the low
cost per genotype and high-sample throughput for low- to mid-multiplex SNP
genotyping.
Kijas et al. (2009) used a SNP panel to analyse sheep nuclear genome, providing the
indication that breeds cluster into large groups based on geographic origin, and that SNPs
can successfully identify population substructures within individual breeds. Sheep
generally show a moderate geographic structure and a high genetic variability within
breeds (Kijas et al., 2009) compared to cattle (Achilli et al., 2009). This can be explained by
the easiness of transportation of sheep compared to cattle. Anyway, using a different
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dataset, Pariset et al. (2011) show a good correspondence of breeds to geographical
locations.
The geographical patterns in sheep breeds has been also analysed by Tapio et al. (2010) who
performed a Bayesian clustering analysis on 52 sheep breeds from the Eurasian subcontinent
using 20 microsatellite markers. They found three genetic clusters: Nordic, Composite and
Fat-tailed. The differentiation of the Fat-tailed cluster from the others indicates restricted
gene flow between steppe or mountain environments in central Eurasia and cooler and
moister northern areas of the continent.
Most of the information about history of the species have been gathered using mtDNA. In a
recent study Meadows et al. (2011) analyzed complete mtDNA sequences from each
haplogroup previously identified in domestic sheep, and from a sample of their wild
relatives. Bayesian, maximum likelihood revealed that among various mtDNA components
the control region is the more suitable to detect the true relationship between sheep.
A recent study on retrovirus integrations (Chessa et al., 2009) has provided information on
the introduction of sheep into Europe, indicating an early arrival of the primitive sheep
populations (European mouflons, North-Atlantic Island breeds) and a subsequent advent of
wool producing sheep.
Other examples of geographical patterns in livestock concern goat populations studies. The
phylogenetic history and population structure of domestic goats was assessed using both
mtDNA and nuclear markers. Cañón et al. (2006) analysed thirty microsatellites in 1426
goats from 45 traditional or rare breeds in 15 European and Middle Eastern countries. They
found at least four discrete clusters using Bayesian-based clustering analysis and
multivariate analysis. About 41% of the genetic variability among the breeds could be
explained by their geographical origin. The analysis of mtDNA polymorphism in the
domestic goat revealed six different haplogroups that have been found also in its wild
ancestor (Naderi et al., 2008), suggesting that the domestication process occurred over a very
large area encompassing eastern Anatolia and North-West Iran (Taberlet et al., 2011).
Among livestock, buffalo plays a fundamental role in the agricultural economy. The study
of geographical pattern in buffalo population can contribute to breeding management.
Gargani et al. (2009) analyzed six Turkish water buffalo populations using a set of 26
heterologous (bovine) microsatellite markers. Principal component and Bayesian cluster
approach revealed three genetically distinct groups with a good correspondence of
population to geographical locations. The analysis of mtDNA from different Indian breeds
revealed that the river buffalo was domesticated in the Western region of the Indian
subcontinent and that different maternal lineages contributed to the domestication process
(Kumar et al., 2007).
The genetic diversity and the geographical patterns in cattle has been compared using
different molecular markers. Mitochondrial DNA and microsatellite loci, for example,
showed that taurine and zebu cattle were domesticated independently (Bradley et al., 1996).
The selective breeding and genetic isolation of taurine cattle leads to the formation of many
specialized dairy and beef breeds, with a complex spatial pattern of genetic differentiation.
Pariset et al. (2010a) assessed the relationship among some Podolic breeds and verified
whether their genetic state reflects their history using SNP polymorphisms. The Bayesian
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inference assignment confirmed that the set of chosen SNPs is able to distinguish among the
breeds and that the breeds are genetically distinct. Gautier et al. (2010) investigated the
genetic diversity of cattle breeds analysing 47 populations from different parts of the world
with 44,706 autosomal SNPs markers. The differentiation of the African taurine, the
European taurine and zebus, indicated a support for three distinct domestication centres.
Spatial principal component (sPCA) analysis and spatial metric multidimensional scaling
(sMDS) was applied to 101 cattle breeds using microsatellite markers (Laloë et al., 2010). The
results showed a strong geographic structure along a southeast to northwest cline,
corresponding to a gradient from Indian zebu to European taurine cattle. The diversity and
differentiation of the African Ankole Longhorn cattle breed have been analysed on the basis
of genotypic and spatial distance data by Ndumu et al. (2008). Using analyses on distancebased and model-based methods they found an isolated sub-population that it is well
differentiated from the others.
In yak, cattle microsatellites are commonly used for the study of genetic diversity (Ritz et al.,
2000; Dorji et al., 2002; Xuebin et al., 2005; Qi, 2004, Nguyen et al., 2005). Population
structure of nine Chinese yak breeds were analyzed by means of 16 microsatellite markers
and the Neighbor-Joining phylogenetic tree constructed based on Nei's standard genetic
distances revealed a separation in 3 clusters (Zhang et al., 2008). Recently, a study of
mitochondrial DNA haplotypes identified taurine cattle mtDNA in two samples of Tibetan
yak and yak maiwë populations (Lai et al., 2007). Qi et al. (2008), using three different
methods, show the results of admixture in populations of yak-cattle across the range of the
species geographical distribution using mtDNA haplotypes and 17 autosomal
microsatellites. Cattle bulls are commonly used to hybridize with yak cows at relatively high
altitudes, while reciprocal crossing is adopted at a lower altitude of their distribution range
(Davaa, 1996; Tshering et al., 1996). Some factors influence the variation of frequency of
cattle introgression in yak between and among regions. For example, a generally low
frequency of cattle introgression was observed at relatively high altitudes (about 3500
meters) (Wiener et al., 2003; Qi et al., 2008). Today, the yak geographical distribution
extends from the southern slopes of the Himalayas to the Altai mountains Hangai of
Mongolia and Russia, and the Pamir and Tianshan mountains and the Qilian Mountains
Minshan (Wiener et al., 2003). The Mongolian and Russian yak populations may have
originated from a large effective population size and frequent gene flow between two
populations that live close to each other. Xuebin et al. (2005) report lack of evidence for
recent bottleneck in any of yak populations studied suggesting that the low level of genetic
differentiation and the high level of diversity within populations observed today is more
likely explained by the recent origin of these populations from a common ancestral
population with large effective population size.

8. Livestock conservation
Landscape genetic investigations are particularly useful in the management and
conservation of species (Bruggeman et al., 2009; Segelbacher et al., 2010), even if the
examples of landscape approaches to practical conservation management of species are still
a few and mainly focused on wild species (Epps et al., 2005; Segelbacher et al., 2008).
Threats to biodiversity in terms of extinction rate, destruction of ecosystems and habitat, or
loss of genetic diversity are increasing within the species utilized in agriculture. Since mid-
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1800s, the modern breed concept and its application to breeding and husbandry practices
led to the formation of well-defined breeds, exposed to intense anthropogenic selection and
during the last century the livestock sector has undergone striking changes as large-scale
production expanded. This has led farmers to progressively substitute the less productive,
locally adapted, native breeds with highly productive cosmopolitan breeds and to
progressively abandon marginal areas. Therefore a significant number of cattle, sheep, and
goat breeds already disappeared and many are presently endangered (Taberlet et al., 2008).
According to the Food and Agriculture Organization of the United Nations (FAO), a total of
1491 livestock breeds world-wide are classified as being either critically endangered, criticalmaintained, endangered, or endangered-maintained; it is likely that a high number of
breeds are being, and will be lost in the near future, suffering of the effects of rapid climate
change, increasing market demand and human demographic expansion. It is then
strategically important to preserve as much the farm animal diversity as possible, and this
will be better accomplished with the aid of landscape genomic studies. Landscape genomics,
by combining geo-referencing of breed distributions, spatial genetic diversity, climatic,
ecological, epidemiological and production system information (Hanotte & Jianlin, 2005)
will help in formulate priority decisions for in situ breed conservation. It could help to
understand the genetic basis of animal adaptation to the environment, and the co-evolution
of livestock and their production systems (Joost & Negrini, 2010).
Breeding systems on genetic management of threatened species needs to be fully evaluated
(Frankham, 2010). SNP markers (see Box 1 and 7) open up new perspectives to livestock
genomics, in particular for the investigation of genome diversity within and among
individuals and populations, population structure, search of causative genes, and for the
identification of signatures left by selection. They can also fulfil what has been envisaged in
the recent past by Bertaglia et al. (2007) when only a reduced set of markers were known, i.e.
the possibility to geographically map the socio-economy of rural areas and the genetic
variation patterns of livestock, in order to match policies of intervention with the capability
of the system to be driven to a more sustainable status.
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