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Abstract Advances n molecular genetics have opened opporunities to enhance straiegies for genetic
mprovement of livestock by dirctly selecting on genes or chranosumal regions hat haibor genes hat af
fect traits of interest so — called quantitative trait loci (QTL). Detection and use ofQTL relies on p res
ence of linkage disequilibrium between genetic maikers that can be genotyped and QTL The nature of
lnkage disequilbrim thatexists in populations or that can be created n expermen tal popu lations and
its use in QTL detection and marker — assisted sekction are meviewed L itations and opporunites for
altlernate strategis form atker— assisted se kction are outlined Themain conclision is thatoppo runities

for use ofm atker— assisted selectbn to enhance raies of genetic mpwvenent exist n particular usng

popu lation — wide disequilibrium,

breed ng pwograns

but they mquir cawrful analysis and mplementation In existng
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To date most genetic pogress for quan tita
tive traits in livestock has been made by selee
tion on phenotype or on estinates of breeding
values (BBV ) derived from phenotype w ithout
know ledge of the number of genes that affect the
trait or the effects of each gene In this quan tita
tive genetic apprwach to genetic mmprovenent
the genetic architecture of traits of interest has
essentially been treated as a ‘ black box’. De
spite this the substantial rates of genetic m-
provement that have been and continue to be a
chieved in the main livestock species is clear
evidence of he power of quantitative genetic ap-

praches to selection The success of quantita

Article ID: 1001 —411X (2005) SO - 0104 - 021

tive genetic approaches does however not
mean that genetic progress could not be en
hanced if we could gain nsight into the black
box of quantitative traits By being able to study
the genetic m ake up of individuals at the DNA
level molecular genetics has given us the tools
to m ake those opporunities a reality Molecu lar
data is of interest for use in genetic selection be-
cause genotype nfomation has heritab ility equal
to 1 (assuming no genotyping ero1s), it can be
obtained in both sexes and on all anm als it can
be obtained early i life and itmay require the
recording of less phenotyp ic infom ation Objee

tives of this paper are to review strategies for the
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detection and use of genes orm akers in genetic

mprovement

1 Principles of quantitative trait loci

(QTL) detection

Application of molecu lar gene tics for genet
ic mprovem ent relies on the ability to genotype
mdividuals for specific genetic loci For these

three tpes of observable genetic loci
as described by Dek

puiposes
can be distinguished
kerd

1) Directm akkers loci forwhich the fune
tional polym orph ign can be genotyped

2) ID makers
linkage disequilib rium with the functional muta

loci in populationwide

tion
3) LE-markers

linkage equilbrim with the functional muta

loci in populationw ide

tion

The use of these loci o detect and use
genes that affect quantitative tmits ( quan titative
trait loci or QTL) relies on finding associations
of genotype atm aiker lociw ih phenotype Such
associations can be detected by contrasting the
m ean phenotype of individuals that have aler
nate maiker genotypes A difference in mean
phenotype indicates that he marker is linked to
aQTL or in the ideal case is the QTL ( direct
maiker). Havever this does notm ean that ev
ery maiker that is linked to aQTL is expected to
shov a mean difference in phenotype besides
linkage the second condition that is needed to
create a difference in mean phenotype between
altemate m akker genotypes is presence of linkage
disequilibrim (LD ) beween he marker and
the QTL.  The concept of ID is mportant for
both QTL detection and the use of these QTL in
selection (marker assisted selection or MAS ),
and w ill be explained next
L 1 L inkage disequilbrium

Consider am akker locus with, allelesM and

m and a QTLwith allelesQ and ¢ that is on the
sane chranosome as themarker 1 e themaik
er and he QTL are linked An individual that is
heterozygous for both loci would have genotype
MmQgq Alleles at the wo loci are amanged in
hap lotypes on the wo chromosanes of a han olo-
gous pair hat each individual camries An indi
vidual w ith genotype MmQgq could have the fol
low ing wo haplotypes MQ Mg where it sepa
rates he wo homologous chran osomes A liema
tive itcould carry the follw ing wo haplotypes
Mg mQ. These allemative arrangements of
linked alleles on hanologous chromosanes is re-
ferred to as the markerQTL lnkage phase The
arrangemen t of alleles in haplotypes is mportan t
because progeny inherit one of the wo haple
types hat a parent carries barring recombina
tion

Presence of linkage equilibrium or disequi
librium relates to he relative frequencies of al
temative haplotypes in a population In a popu
at
leles at wo loci are randan k assorted into hap-

lation that s in linkage equilibrium (LE),

lotypes In otherwords chroman osomes orhap
lotypes that carry maker allele M are no more
lkely to cary QTL allele QO than chranosomes
that carty makker allele m. In technical tem s

the frequency of the MQ haplotypes is equal to
the product of the popu lation allele frequency of
M and the frequency of Q. Thus
and QTL are in linkage equilibrium, there is no

if amaiker

value in knowing an individuals maker geno
type because it provides no infom ation on QTL
genotype If themaker and QTL are in linkage
disequilbrims hovever there will be a differ
ence in the probabiliy of carrying O beteen
chromosanes hat carry M andm m aiker alleles
and therefors we would alko expect a differ
ence in mean phenotype between marker geno

types
Linkage disequilibriim _ between markers
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and QTL foms he basis for both QTL detection
and marker assisted selection Thus an under
standing of the factors that affect the presence
and extentof LD is mportant The mam factors
that create LD in a population are mutation se
lection drift ( inbreeding), and migration or
crossing The main factor that breaks down LD
is recombmnation which can rearrange haplo
types that exist within a parent in evely genera
tion Fig 1 shovs the effect of recanbination an
the decay of LD over generations The rate of
decay depends on the rate of recanbination be
ween the loci 1 e on their genetic distance on
the chrmosome for tightly linked loci any LD
that has been created w ill persist overmany gen
erations but for loosel linked bci (r=0 1),
ID will decline rapidly over generations
Alhough amaiker and a linked QTL may
be in linkage equilibrium across the popu lation
ID will alvays existwithin a fam ily
ween loosely linked loci Considera double het

even be

erozygous sire wih haplotypes MO hq ( Fig

2). The genotype of this sire is identical to that
of an F, crwss bewween mbred lines This sire
will produce four types of ganetes non recanbi
nants MQ and m¢g and recanbinants Mg and
mQ. Because the non rcoanbinants will have
higher frequency depend ing on recanb ination
rate  this sire will produce ganetes thatwill be
n LD,
(Fig 1),
generation of recombination This gpecific type
of LD hovever only exists within this fam ily

progeny fran anothersie e g anMqg mQ sire

will also show ID. but the ID is in the opposite
direction because of the different marketQTL
link age phase in the sire ( Fig 2). On the oher
hand MQ mQ andMgq g sire fan ilies will not
be in ID because the QTL does not segregate in

which will extend over larger distance

because it has undergone onl one

these families W hen pooled across fanilies

these four types of LD will cancel each other

out resulting in linkage equilibrium across the
population Nevertheless the within fam ily ID-
can be used to detectQTL and forMAS provid
ed the differences i linkage phase are taken into

account aswill be demonstrated later
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1 2 Use of LD to detect QTL

M ethods to detect QTL using genetic m aik-
ers rely on identify ing m atkers that are associat
ed /corre lated w ith phenotype Thiswill only oe
cur formarkers that are in LD with a QTL and
therefore depends on the type and extent of LD
that exist in the popu lation under analysis C las
sification of amarker as an LD~ versus LE m atk
er depends on the population stmcture and the
extent of LD that is present in that popu lation
Forbreed crosses LD is extensive and markers
that are 10 —20 M fran the QTL w ill still be in
extensive populationrwide ID. Hovever within

closed outbred populations  the extento LD will
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be lin ited and LD markersmust by necessity be
close o the functional mutation (within 1 to 5
M depending on population history). In closed
breeding populations iden tification of LD m ak

ers therefore is more difficult and requires

cand idate gene appwaches or fine mapping ap
proaches ”

Functionalm utations are most difficult to detect

with high density maker maps

and fev examples are availabld ?. The princi

ples behind QTL.  detection in each of these sce
narios w ill be described further in the follow ing
1 2 1 Populatiomwie LD in crossbred
populations C rossing wo breeds that differ in
gene and therefore haplotype frequencies cre
ates extensive LD in the crosdbred population
that extends over lager distances because the
ID present in he F, generation has undergone
onk one generation of recanbination in the F,
(Flg 1). This enables detection of QTL that
differ between the wo breeds based on a genan e
scan w ith a lim ited number of m akkers spread o
ver the gen(me( every 15 to 20 M ) and has
fomed the basis for the extensive use of F, or
back crosses betw een breeds or lines for QTL de
tection (e g Maleék et all ). Thisexiensive
ID enables detection of QTL hat are same dis
tance from hem arkers but also limits the accr
racy wih which the position of the QTL can be
detem ned

More extensive populationw ide ID is also
expected to exist in synthetic lines 4 ¢ lnes
thatwere created fiom a cross in recent histoy.
Depending on the nunber of generations since
the cross the extent of LD will have eroded
sane over generations and will therefors span
shorter distances than in F, populations ( Fig
1). Thiswill require a more dense markerm ap
to scan the genome but will enable more precise
positioning of he QTL
122 W ithin family LD in outbred popula

tions  Because linkage phases beween the

maiker and QTL can differ from fam ily to fant
ly use of within family LD forQTL detection re-
quires marker effects to be fitted on a within
fan ily basis

Smilar to F, or backcrosses

rather than across the popu lation

however the ex
tentof wihin fanily ID is extensive and thus

genanew ide coverage is provided by a limited
nunber of markers but significant m atkers m ay
be some distance fran the QTL Thus LE
maikers can be readily detected on a genane
wide basis using breed crosses or analysis of

laige half sib fam ilies
matkermaps (20 M spacing). M any exanp les

requiring only spamse

of successful applications of thusmethodo logy for
detection of QTL regions are available in the lit
erature

1 23 Populationwide LD in outbred pop
ulations The anount and extent of LD that ex
ists n he populations that are used for genetic
mprovement is the net result of all the forces

that create and break down LD and is
fors the result of the breeding and selection his

there-

toty of each population along with randan sam-
pling On thisbasis populations thathave been
closed formany generations are expected to be in
link age equilibriun, except for closely linked lo
c¢i Thus in those popu lations
that are tightly linked to QTL m ay show an asso
ciation w ith phenotype ( Fig 1), and even then

onk markers

there s no guarantee because of the chance
effects of random samp ling

There are wo strategies to find m akers that
are in popu latonrw ide LD with QTI,

1) evaluating markers that are in or close to
genes that are hought to be associated with the
trait of interest ( candidate genes).

2) a genome scan using a high densily
markermap with amarkereveryQ 5102 0 M.

The success of both these approaches obvi
ously depends on the extent of LD in the popula

tion Studies in human populations rarely gener
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ally found thatLD extends over less han 1 M.
Thus many markers are needed to get sufficient
m aker coverage n hum an popu lations to enable
detection of QTL based on popu lationw ide LD.
O pportunities to utilize populationwide LD to
detect QTL in livestock populationsmay be com
siderably greater because of he effects of selee
tion and inbreeding Indeed Famiret al B
dentified substantial ID in the Dutch Holstein
population which extended over 5 M. Smilar
results have been observed i other livestock
gecies (e g i poulry Heifetz et al'® ).
The presence of extensive ID i livestock popu
lations is advantageous for QTL detection but
disadvan tageous for identify ing the causative mu
tations of these QTI; with extensive LD maik
ers hat are sane distance from the causative mu
tation can show an association w ith phenotype
The

know ledge fran species that are rich in genane

candidate gene appwach utilizes

infomation (e g, hunan mouse), effects of
mutations in other species previously identified
QTL regions
logical basis of traits to identify genes that are

and /or know ledge of the physio

thought to play a mwle in he physiology of the
trait Follw ing mapping and identification of
pokmormphisns within the gene in the pig the
association of genotype at the candidate gene
with phenotype can be estinated in a closed
wine breeding population ( Rothschild et
alt™).

Recent advances in genome technology has
enab led sequencing of en tire genomes including
of several livestock species the genomes of the
chicken and cattle have been sequenced and
public sequencing of the genane of the pig is
In addition

used to identify large numbers of positions in the

undemw ay. sequencing has been

genane that nclude single nucleotide polymor
pishms ( NPs),

shoy variation Forexanple, in the chicken o

ix DNA base positions that

ver 2 8 million SNPs have been identified by

comparing the sequence of the Red Jungle Fow 1
to that of three domesticated breeds ( Intema

tional Chicken Polynomphisn M ap Consortium,
2004). This
genotyping now enables detection of QTL using

combined with reducing costs of

[D-m apping w ith high- density markerm aps
2 M arker assisted selection(M AS)

Principles and limitations of MAS in boh
livestock and plant breed ing were described by
Dekkers et al”. The main issues related w©
livestock will be described in the follow ing
2 1 Traitswith MAS application

Molecularm akers have been used o iden
tify bei or chromosan al regions that affect single
gene traits and quantifative traits Single gene
traits include genetic defects or disorders and
appearance For the purposes of QTL detection
and app lication quan titative traits can be cate
gorized inte a) mutinely recorded traits which
be further subdivided into traits that are recorded
on both sexes sex lnited traits and traits that
are recorded late n life b) difficult to record
and ¢)
unrecorded traits ( disease resistance). The a
bility to detectQTL decreases in the order a),

b), ¢) because of the availability of phenotypic

traits ( feed intake product quality );

data For a smilar reason genome scans
which require more phenotypic data are often
used to detect QTL for traits in category a),

whereas candidate gene app waches are more of
ten used to identify QTL for tmits that are not
utinely recorded (b and ¢). Potential extra
genetic gains from m aker assisted selection are
the greatest for traits in category ¢) and he low
est for tmits in category a), in particular for
traits that are wutinely recorded on both sexes
prior to selection in inverse proportion to the a
bility tom ake genetic progress using convention

9
almethods'”.
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2 2 General strategies for selection u
sing molecular genetic infomm a

tion

Once markers that are linked to QTL have
been identified their effects can be estmated
based on the association beween phenotype and
genotype The resulting estin ates can be used to
assign a
candidate which can be used to predict the ge

‘molecular score’ 1o each selection
netic value of the individual and used for selee
tion The constitution and method of quantifica
tion of the molecular score depends on type of
ID that is used and on how the marker will be
used in selection

The hree types of molecular loci described
previously differ not only in m ethods of detection
but also in methods of app lication in selection
prograns whereas direct and to a lesser de

gree [D-maikers allov selection on genotype

acwss the population use of LE-markers must
allow for different linkage phases between m ak
ers and QTL from family to family Thus the
ease and ability to utilize markers in selection is
opposite o their case of detection and increases
from functionalmutations to LD makers and LE
matkers In what follws selection on each of
these three types ofmarkerswill be referred 1o as
gene assisted selection (GAS), ID makers as
sisted selection (LD-MAS), and LE marker as
sisted selection (LEMAS).

In addition to amolecular s;ore individae
als can also obtan a regular estmate of the
breeding value for the wllective effect of all the
oher genes ( polygenes) on the trait A summ a
1y of appmaches and strategies for the use ofmo
lecular genetic nfom ation in genetic mprove
ment is given in Tah 1 Details of he various u

ses are provided in the remainder of this paper

Tah 1 Strategies for the use ofmolecubhr data in genetic inproven ent program s
. selection marker infom tion required to can position of selection
bp Pogran requirements canpute molecular score molecu lar score crite rion
beween breed”  introgession <10 M fum  line origin ofmarkers al presence /absence mol score
foregound QTL leks at taget loci tagetalkles
-20 M line orign ofmaiker al 9% re pient mol score
- backgwund . 2 . .
newals leks breed alleles ( recipient trait
) genan ew ide phen )
intercross
<<5-10 M fum line origh ofmatker al  FHagetalkles mol score
QTL leks at taget loci
synthetic lme <10 M fiom  line orign of QTL/ sum. of mol score
devebmment QTL maiker alleles QTL marker phen EBV
E stin ates of QTL mark estin ates
er effects
wihn breed LDMAS GAS <<]1-2 M fran genotypes at QTL mark sum. of mol score
selection directmarkers QTL ers QTL marker phen EBV
cand genes estimates of QTL mark esrinales
1 ID-maikers er effects
LE-MAS <10 M fum paental origin maiker sum. of mol score
QTL alkles wihin family es  QTL marker =~ phen EBV
tmaks of QTL maiker estin ates

eflects

1)ATLD-MAS capitalizing on extentve LD in cioss

2)G reater enphasis on matkers linked b target loci to educe linkage drag
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In general at the tne of selection boh
molecular and phenotypic nfomation is availa
ble foruse m selection The following hree se
lection strategies can then be distinguished

1) Select on themolecular score alone

2) Tandem selection wih selection onmor
lecular score  followed by selection on pheno
type based EBV.

3) Selection on an index of the molecular
score and the regular EBV.

Selection on molecular score alone ignores
mnfomation that is available on all the oher
genes (polygenes) thataffect he tmit and is ex
pected to result in the bwest response o selee
tion unless all genes that affect the trait are i
chded in the molecular score This strategy
does hovever not require additional pheno
types other han those that are needed to estt
m ate marker effects and can be attractive when
phenotype is difficult or expensive to record ( e
g disease trits meat quality etc ).

If both phenotypic and molecular infom a
tion is available on selection candidates index
selection is expected to result in greater response
to selection than tandem selection The reason is
smilar to why wo trait selection using independ-
ent culling levels is expected to give lowermu ltt
ple trait response than index selectiors Wwo siage
selection does not select individuals forwhich a
low molecular score may be compensated by a
high phenotype based EBV. The choice betwveen
these strmtegies ( and oher allematives) alko de
pends on other factors such asmarket and cost

conside rations
2 3 Marker assisted mprovanent w

sing betw een-breed var iation
Molecular infomaton can enhance the
process of integrating superior qualities of differ
ent breeds in a number ofways A Il of these rely
on cwosses which as described previously re

sults n extensive [D, which can be capitalized

on usingMAS If a large proportion of the breed
difference i the trait of nterestis due to a small
nunber of genes intwogression strategies can be
used If a lager number of genes is nvolved
m aker assisted selection wihin a synthetic line
is the preferred method of mprovement These
strategies w ill be furthe r described be low.
2 3 1 Marker assisted ntrogression W ith
in he contextofmeat quality the am of an in
trog ression progran is o introduce one ormore
m eat qualily genes ( target genes) fran a breed
that is superior form eat quality but inferior for
perfomance ( the donor breed) into a high per
fomance line that lacks the target genes ( the re
cipientbreed), This is done through an mitial
F, crss follwed by multiple backcwsses to the
recipient breed and one or more generations of
intercrossing The am of he backcross genera
tions is to generate individuals that camy one
oopy of the donorQTL allele but hat are smilar
to the recipientbreed for the rest of the genan e
This is accanplished by successive back crosses
to the recipient breed to © dilute’ the donor ge
nane while mantaining the donor allele at the
QTL by selecting only carriers as parents of the
next generation The am of he intercrossing
phase is to fix the donor allele at the QTL. The
end result is a population that is smilar to the
recipient breed except for retrying wo copies of
the donor allele at the QTL

The effectiveness of introgression schemes
is limited by the abiliy to identify backcross or
intercross individuals that carry the taiget gene
('s) and by the ability to identify backcmoss ind+
viduals that have a high proportion of the recipt
in particular in the region( s) a
The latter affects the

nunber of backcross generations required to re

ent genome

round the target gene( s).

over the recipient genane M olecular genetics
can enhance the effectiveness of both phases of

an introgression, program. . Effectiveness of the
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backcrossing phase can be increased in wo

ways
gene( s) ( fo reground selection), and ii) by en

i) by identifying carriers of tire target

hancing recovery of he donor genetic back
ground ( background selection). E ffectiveness of
the intercrossing phase can also be enhanced
through foreground selection on the taiget gene
(s).
or back ground selection does not require esti
m ation of the marker or QTL effects Instead

their use relies on breed differences and the as

Note that the use ofm akkers in either fore

sociation of marker alleles with these breed
differences as a result of extensive LD.

For foreground and intercross selection se
lection is on amolecular score that is based on
presence or absence of the target allele (only in-
dividuals that carry the allele are selected)
(Tah 1).
genotyped
based on markers that flank the QTL at
<10 VI,
ses The markers must have breed specific at
leles

The effectiveness of foreground selection de

If the target gene cannot be directly

carrier mdividuals can be identified

because of the extensive LD i cros

such that line origin can be identified

pends on the nunber of target genes and on the
confidence nterval for the position of those
genes The latter detem ines the size of the ge
nan ic region hat must be intogressed Boh
factors have a large mpact on the num ber of -
dividuals that is required to find individuals that
are carriers for all target genes during the back
crossing phase and hanozygous during the nter
crossing phase For the introgression of mu ltiple
taiget genes gene pyram iding strategies can be
used during the back crossing phase to reduce the
number of individuals required """
Forbackground selection makers arc used
that are spread over the genane at<< 20 M i
tewals such thatmost genes that affect the trait

will be within 10 M fran a marker Agam

the tracing of alleles back to then breed origin

M atker genotypes are then used to esti ating the
proportion of the recipient genome present in an
individual which is used as the molecular score
(Tah 1).

tion are selected Combining foregiound and

Individuals with the highest propor
background selection selection will be for the
donor breed segn ent around the target locus but
for recipientbreed segments in the rest of the ge-
nane Foreground selection will result n selee
tion for not only he taget locus but also for do-
nor breed loci that are linked to this becus same
of which could have an unfavorable effect on
perfomance To reduce this so called linkage
drag amund the taget locus greater enphasis
can be given in the molecular score used for
backgmwound selection to markers that are in the
neighbothood of the target locus ( apart fran the
flanking m akkers which are used in foreground
selection).

Most studies have conside red marker assis
ted intogressionMA I of single QTL' ' bu t often
several QTL must be introgressed smultaneous
Iy Several sudies (e g Koudande et alt)
have shown that large population sizes are nee
ded 10 obtain sufficient ndividuals that are het
erzygous for allQTL in the back crossing phase
This would make M AT not feasible in livestock
breeding prograns In many cases hovever
mmediate fixation of introgressed QTL alleles
may not be required Instead the objective of
the back crossing phase can be o enrich the re
cipient breed with the favorable donor QTL atl
leles at high enough frequency such that they
can be selected in follwing backcrossing In
this case ndividuals can be selected during the
backcross phase based on a molecular score
computed as the expected num ber of donor al

leles at he n intogressed QTL, as detem ined

from m arker genotypes M'S :_:EIP(Q,-), whe re

m ak ers must have breed specific alleles to allow P(Q;) is the probability that the individual car
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ries he donor allele for QTL I Probabilities P
(Q;) canbe setequal v 1. 0. 5 and O if the i
dividual carries 2 L and O donor alleles at the
wom arkers hat flank the QTL, ignoring double
recombinants Selection can be on a smilar
score during he intercrossing phase The effee
tiveness of these strategies was evaliated by
Chaivong et al'™ These sudies showed that

although itm ay not be possible tom aintain a fre

quency of 50% during backcmossing in popula

tions of I ited size MA [ can introduce mu ltiple
QTL alleles at frequencies that will enable their
selection following back cwossing

2 3 2 M arker assisted syn hetic line deve lop

ment Lande et al'"” proposed a strategy for
m atker assisted selection w ithin a hybrid popula

tion created by crossing wo nbred lines The
strategy capitalizes on populationwide LD that
mitially exists in crosses beween lines or
breeds Thus marker(QTL associations identi
fied in the F, generation can be selected on for

until the QTL or markers

are fixed or the disequilbrium disappears

several generations

Zhang etal'™ evahated the use of markers in
such a sitwation wih selection on BLUP EBV.
They canpared the following three selection
strategies

MAS
rived fran m akker effects

BLUP. selection on BLUP EBV derived
from pheno type

selection on a molecular score de

COMB combmned selection on an index of
the EBV based onm aikers and phenotype

Data for a cwoss beween inbred lines were
sinulated on the basis on 100 QTL and 100

makers in a genome of 2 000 M. M aker
effects were estmated in the I, generation using
a wo step procedure In the first step a sepa
rate F, population fran the sane cwoss was used
to identify markers wih the largest effects
Then the effects

to obtam unbiased estmates

of those markerswere re- estin ated in the F, pop-
ulation under selection The latter were used to
obtain m atker based EBYV,

the molecular score hwughout the selection

which were used as

process Zhang et al 'Y found that index selec
tion (COMB) resulted in the greatest response
followed by selection on BLUP EBV and selee

tion on markers alone Rates of response de
clined over generations for all strategies because
data were sinulated using a finite nunber of lo-
ci which were moved to fixation by selection

Rates of response declined faster for the MAS
strategy because recombmnation ewded the dise
quilibrium betwveen the markers and QTL Nev
ertheless substantial rates of response were ob-
tained using se lection onm akers alone The lat
ter has potential for selection for meat quality
traits because it does not require continuous phe-
notypic evaluation ofm eat quality traits in com
trast to the BIUP and COM B strategies Zhang
etal '™ considered he idealsimation of a cross
with nbred lines A lthough the lines were not
divergent for the trait of interest they were ho
mozygous at allemate alleles for all loci Breeds
used in a cross to enhance m eat quality w ill typt
cally have different means which will increase
the extent of linkage disequilibrium i the cross

Hovever boh breeds will lkely segregate for
most QTL, which will reduce the disequilibrt
un. Nevertheless even in crosses between can-

mercial breeds of sv ine substantial numbers of

QTL have been found forwhich the breeds have
sufficient differences in frequency to allw their
P4 I additon  favorable effects
have been found to originate fiom the breed w ith
the lowerm ean for a nunber onTL[ 4

2 4 Genetic mprovanent using w ith

detection'

in breed variation
Most selection prograns for sv ine focus on
genetic mproven ent w ithin a breed or line and

the subsequent use of that line within a cross
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breeding strategy W ithin breed selection re
quires nfomation that captures differences be
ween indwidualswithin a breed rather than the
beween-breed differences that were discussed
previously The purpose of this section is to de
scribe opportunities for genetic mproven ent of
meat quality based on within breed selection
prograns slarting with conventional selection

Thiswillbe divided into selection using LE- and
ID-markers

2 41 Selection usng LEMAS based on
within family LD Use of wihin fanily LD
beween a QTL and a Nuked marker requires
mater effects or at ammmum makerQTL
linkage phases to be detemined separately for
each fan ily This requ ires m arker geno types and
If linkage be

ween the maiker and QTL is loose phenotypic

phenotypes on family members

records must be frn close relatives of the selee
tion candidate because associations will erde
through recanbinaton W ith progeny data
m aker QTL effects or linkage phases can be de-
ttmined based on smple statistical tests that
con trast the mean phenotype of progeny that
herited altemate marker alleles from the comm on
parent A ltematively marker assisted anmal
models have been developed 1o mncoporate
matker data in genetic evaliation for complex
pedigreed . These modek result n BLUP
EBV of QTL effects along with polygenic BBV.
Because selection is on perfomance traits along
with meat quality these estmates should be
combined with EBV for perfom ance traits into
an econom ic index

Inp lan entation of LEMAS requires exten
sive phenotyping and genotyping which calls
the economic feasibility of such prograns into
question In addition data should be available
for several generations prior to initiatingMAS 1o

accuralely estinate QTL effects A nother obsta
cle for the use ofw ithin fanily 1D is that it re

quires know ledge of QTL regions that segregate
within the populaton Since most(QTL mapping
studies in pigs are based on the breed cross
model mfomation aboutwihin breed segrega
tion of QTL is Imited Thus wihin breed QTL
m apping studies must be conducted prior to -
plementaton of MAS A lthough such studies
oould concentrate on QTL regions previously +
dentified in breed cross studies substantial pop-
ulation sizes will be required to detector confim
their segregation within a breed Such a study
was recently conducted by Evans et al . They
found that QTL regions identified in a cross be-
ween divergent breeds could indeed be con
fimed 1o segregatew ihin canmercial lnes Re
lated issueswere discussed by Speman etal'™.
in the context of mplementing QTL know ledge
in dairy cattle breeding progran s

2 4 2 Selection ushg LDMAS based on
population wide LD A lthough markers that
are notw ithin the functional gene are not expee
ted o be in extensive LD with a QTL within a
closed popu lation tightly
linked to aQTL have a substantial probability to
be in partial populatonwide LD with thatQTL
because of the effects of drifi

markers that are

selection muta
9-2 )
w7 This

probability is higher in selected populations of

tion and population admixtu
anall effective size which is the case for live
stock as demonstrated by Famir et al™. for
dairy cattle The extent of [D can often be en
hanced through the use of haplotypes of tightly
linked maikers

with e 2

H igh-density maiker maps
amaikerevery 1 or2 M, will also
include m arkers that are in tight linkage w ith the
QTL and hat have the potential to be in substan
tial popu lation wide LD aswas recently demon
strated by M euwissen et al’". though simula
tion They showed that for populations with an
effective population size of 100 and a 1 or2 M

spacing between markers acrss the genane
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sufficient disequilibrium was p resen t that genetic
values could be predicted w ith substantial acar
racy for several generations on the basis asswcia
tions ofm arker haplotypes with phenotype on as
fev as 500 individuals Nev high throughput
technologies nov enable to conduct this for rea
sonable costs In addition opportunities may
exist to utilize this approach on a lmited scale
by saturating previously identified QTL regions
withmakers

Formaikers that are in population wide LD
with the QTL selection can be directly onm aik
er genotype or on maiker haplotype if multiple
linked m akkers are used to track he QTL Tt is
however essential to estimate the effects of the
m akers within the population under selection to
cap ture the degree of LD and linkage phases that
arc present in the populaton and to guard a
gainst potential interactions of the QTL with the
background genome For the same reasom it
will also be prudent to re estmate the effects on
a regular basis Estmation requiresm arker gen
otypes and m eat quality phenotypes on a randan
sanple of individuals n the population and
should be based on an anm almode lw ith m aikker
genotypes incbhded as fixed
effecd ™.
243 LDMASversus LEMAS

portant consideration for he use of molecular ge-

or haplotypes

An m

netics in breeding prograns is whether to woik
toward the applicaton of LEMAS LD-MAS or
GAS Requirments for detection are least for
LE maikers and greatest for identification of
functionalmutations Hovever once a function
almutaton is identified requirements for est
m ation and confimation of effects in other popu
lations are much lower than for LEmakers be
cause the latter requires phenotypes and geno
types on pedigreed popu lations versus a randan
sanple Requirements for integration of geno

type data In_routine genetic evaluation proce

dures are also much greater for LEMAS than for
ID-MAS and GAS both with regard to require
ments of individuals that must be phenotyped
and genotyped and with regard to methods of a
naksis Genetic evaluation requirements are
slightly greater for LDM AS than GAS because
ID-MAS requires iden tification and analysis of
maker haplotypes and confim ation of maiker
QTL linkage phases

W hereas the previous refer to requirem ents
fora given QTL, LEMAS allws for genane
wide analysis and evaliation of QTL with a lm it
ed num ber of matkers This is also possible for
ID-MAS w ith high- density genotyping M euw is
sen at al ! dam onstrated thatMV of high ac
curacy could be obtained fran a Bayesian m ixed
model analysis of marker hap lotypes with high
density genotyping

Opportunities for ncreases in genetic gain
from a given QTL are lowest frimn LEMAS be
cause of the lmited infom ation that is availab le
to estinate effects on a wihin fanily basis

while for both LD-MAS and GAS

tmated from data across fam ilies

effects are es
A ccuracy of
estinates may be slightly lower for LD-MAS than
GAS as a resultof mcomplete m arker QTL dise
quilbrium and a greater number of effects

)[ 24

(m arker hap botypes versus QTL genotypes)' ",
O pportunities for intellectual property protection
and product differentiation are greatest for GAS

but Im ited for LEMAS

3 Integration of MAS i breeding

program s

It is clear that successful mplan entation of
aMAS progran requires a canpréhensive inte
grated appmach that is closely aligned w ith bust
ness goals and m akkets Canponents of such an
approach include DNA collection phenotyping
pedigree recording genotyping estab lihment of

genolypic and phenotypic data bases and ana
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lytical ools and quality control systans Apph
cation ofMAS also requires careful consideration
of economic aspects and business riks Eoo
nan ic analysis of MAS requires a canprehensive
approach thatams to evaluate he econanic fea
sibility and optin al mplementation ofMAS An
excellent example of such an analysis is I
H ayes etal”™, who conducted a canprehensive
econan ic analysis of the mp lanentation of LE —
MAS in the nucleus breeding progran of an inte-
grated pig production enterprise QTL detection
and MAS on identified QTL regions for a mult
trait breeding goal and associated genotyping
oosts and extra relums fran the production phase
of the mtegrated enterprise were considered in
the econanic assessment They concluded that
mplan entation of LEMAS was feasible for the
assumed cost and price parameters They also
found that in particular if QTL detection was
based on snall sanple sizes
ols should be set during the QTL detection
phase such that genotyping costs during the m-

stringent thresh

plementation phase are reduced and selection of
false positives ism inim zed

W hereas Hayes et al " evaluated eco
nan ic retums fran MAS fran increased pwofit at
the production level which is proportional to ex
tra genetic gan most conmercial breeding pro
grams derive profit flom increased m arket share
of breeding stock or gem plhm. In general m-
plementation of MAS will have a greater mpact
on market share than on genetic gain Success of
MAS also depends on the consistency of QTL
effects across popu lations and envirorm ents Re
sults from intwgression prograns in p lants have
found that effects tend to be consistent formajor
genes for smple traits but not for QTL for can-

)[26]

plex traits (e g yield Ihconsistent effects

have also been obsewed far some wel studied
for the ESR

gene for litlersize in pigs sane, studies have

genes in livestock For exanpls

found no effect and interactions with line and en
vioment have been identified '”, Reasons for
inconsistent results across studies and popula
tions include statistical anan alies such as false
positive or negative resulis (amall san ple sizes)
and overestmation of significant QTL effects a
well a true effects such a inconsistentm aker
QTL linkage phases across populations for LD-
matkers genotype by envionment interactions
and epistatic effects This points to the need to
oontinuously evaluate and monitor gene or QTL
effects in the target population and environmeni
which requires continuous emphasis on phene
typic recording In addition strategies must be
developed 1o estmate gene eflects at the can
mercial level for nucleus breeding prograns in
particular if they invoke crosshreeding This al
so opens opporiunities o use markers to capital
ize on non additive effects and assignment of
specific matings

G iven the uncerainties about the sustain
ability of maiker effects it appears prudent to
use molecular genetic mfomation in a manner
that does not prevent progress toward he overall
breeding goal that can be achieved through con
ven tional selection A crucial concept in his re
gard is to apply MAS in selection space that is
not or under utilized by conventional selee
tiod 7.
basis of maikers anong menbers of a ful sib

fanily for further testing prior to availability of

A prine exanple is pre selection on the

individual or progeny records In such simations
conventional selection has no basis for selection
because EBV are derived from pedigree nfom a
tion which is he sane for allmenbers of a ful
sib fanily Famil menbers can however dif
fer for the markers they inherited which then
provides a basis for selection instead of having
tomake a randan choice

Recent gene and QTL mapping studies have

also revealed thatQTL m av notbe expressed in a
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M endelian fashion In particular several studies
have detected genes and QTL in pigs hat are
aibject o ganetic mprinting * ®'. Futre sud
ies w ill undoub tedly identify other epigenic phe
nan ena hat affect the mheritance and expres
sion ofQTL These effectsw ill need to be taken
into accountwhen designing selection progran s

A lthough they may on the one hand complicate
selection prograns theymay also provide oppor
wnities For exanple De Koningd>” suggested
that utilization of a combnation of mprinted and
sex linked QTL would allow a diverse set ofm ar

kets to be targeted through strategic crosses be

ween a single set of b reeds
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