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fec t traits o f interest, so - called quan tita tive trait loci(QTL). De tec tion and use o fQTL relies on p res-
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　　To da te, most genetic p rogress fo r quan tita-

tive traits in livestock has been made by selec-

tion on phenotype or on estim ates of breeding

values(BBV) de rived from phenotype, w ithou t

know ledge of the number o f genes that affect the

trait o r the e ffects of each gene. In this quan tita-

tive genetic approach to genetic improvemen t,

the genetic architecture of traits o f interest has

essentially been treated as a ‘ black box’ . De-

sp ite this, the substantial rates of gene tic im-

provement that have been and continue to be a-

chieved in the m ain livestock species, is clear

ev idence of the powe r of quantita tive gene tic ap-

proaches to selection. The success of quan tita-

tive gene tic approaches does, however, no t

m ean that genetic progress could no t be en-

hanced if we could ga in insight into the black

box of quantita tive traits. By being ab le to study

the genetic m ake-up of individuals at the DNA

leve l, mo lecular genetics has given us the tools

to m ake those opportun ities a rea lity. Mo lecu lar

data is of in terest for use in gene tic selection be-

cause genotype info rmation has heritab ility equa l

to 1 (assum ing no geno typing erro rs), it can be

obtained in both sexes and on all an im als, it can

be obtained early in life, and itm ay require the

reco rding of less phenotyp ic inform ation. O bjec-

tives of this paper are to review strateg ies for the



detection and use o f genes orm arkers in genetic

improvemen.t

1　Princ iples of quantitative tra it loci

(QTL) detection

　　Application ofmo lecu lar gene tics for genet-

ic improvem ent relies on the ability to genotype

individua ls fo r specific gene tic loc.i For these

purposes, three types of observab le genetic loci

can be distinguished, as described by Dek-

kers
[ 1]
:

1) D irectm arkers:loci forwhich the func-

tional polym orph ism can be genotyped.

2) LD-m arke rs; loci in popu lation-w ide

linkage disequilib rium w ith the functionalmuta-

tion.

3) LE-markers: loci in popu lation-w ide

linkage equilibrium w ith the functional muta-

tion.

The use of these loci to de tect and use

genes that affect quantitative traits (quan titative

trait loci or QTL) relies on finding associa tions

of geno type atm arker lociw ith phenotype. Such

associations can be detected by contrasting the

m ean pheno type o f indiv iduals tha t have alte r-

nate m arker genotypes. A difference in mean

pheno type ind icates tha t the marker is linked to

a QTL or, in the ideal case, is the QTL (direct

m arker). H owever, this does no tm ean that ev-

ery marker that is linked to aQTL is expected to

show a m ean difference in phenotype;besides

linkage, the second condition that is needed to

create a difference in mean phenotype between

a lternatem arker genotypes is presence o f linkage

disequilibrium (LD) betw een the marker and

the QTL. The concep t of LD is importan t for

both QTL detection and the use of these QTL in

selection (marker-assisted selection o rMAS),

and w ill be explained nex.t

1. 1　L inkage d isequilibrium

Conside r am arker locus w ith alle lesM and

m and a QTL w ith allelesQ and q tha t is on the

same chromosome as themarker, .i e. them ark-

er and theQTL are linked. An indiv idual that is

heterozygous for both loci w ould have genotype

MmQq. A lle les at the tw o loci are arranged in

hap lotypes on the tw o chromosomes of a hom olo-

gous pair that each individual carries, An indi-

vidualw ith genotypeMmQq could have the fo l-

low ing tw o hap lotypes;MQ m/ q, where it sepa-

rates the two homo logous chrom osomes. A lterna-

tive, it could carry the follow ing tw o haplo types:

Mq m/ Q. These a lternative arrangemen ts of

linked a lleles on homo logous chromosomes is re-

fe rred to as the marker-QTL linkage phase. The

arrangemen t of alleles in haplotypes is importan t

because progeny inherit one of the two haplo-

types that a parent carries, barring recombina-

tion.

Presence o f linkage equilibrium o r disequi-

lib rium relates to the re lative frequencies of a l-

te rnative haplo types in a popu lation. In a popu-

lation that is in linkage equilibrium (LE), a l-

le les at two loci are random ly assorted into hap-

lo types. In otherw ords, chromom osomes or hap-

lo types that carry m arke r a lleleM are no mo re

likely to carry QTL a llele Q than chromosomes

that carry m arker allele m. In technical term s,

the frequency of theMQ haplo types is equal to

the product of the popu lation alle le frequency of

M and the frequency of Q. Thus, if a m arker

and QTL are in linkage equilibrium , the re is no

value in know ing an individual's m arker geno-

type because it provides no inform ation on QTL

genotype. If them arker and QTL are in linkage

disequilibrium , however, there w ill be a d iffer-

ence in the probab ility of carrying Q between

chromosomes that carryM andm m arker alle les

and, therefore, we would a lso expect a d iffer-

ence in mean pheno type betw een marker geno-

types.

L inkage disequilib rium betw een markers
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and QTL form s the basis for bo th QTL detection

and marker-assisted selection. Thus, an unde r-

standing o f the factors that affect the presence

and exten t of LD is importan.t The main factors

that create LD in a popu lation are mutation, se-

lection, drift ( inbreeding), and m ig ration or

crossing. The m ain facto r that breaks down LD

is recombination, which can rearrange haplo-

types that exist w ithin a parent in every genera-

tion. F ig. 1 show s the effect o f recombination an

the decay of LD over generations. The rate of

decay depends on the rate of recombination be-

tw een the loci, .i e. on their genetic distance on

the chromosome;for tightly linked loci, any LD

that has been crea ted w ill persist overmany gen-

era tions but for loose ly linked loci (r=0. 1),

LD w ill decline rap idly over generations.

A lthough a m arker and a linked QTL may

be in linkage equ ilibrium across the popu lation,

LD w ill alw ays ex is t w ithin a fam ily, even be-

tw een loose ly linked loc.i Conside r a double het-

erozygous sire w ith haplo types MQ m/ q (Fig.

2). The genotype of this s ire is identical to that

of an F1 cross betw een inb red lines, This sire

w ill produce fou r types of gametes:non-recombi-

nantsMQ and m q and recombinants Mq and

mQ. Because the non-rcoombinants w ill have

higher frequency, depend ing on recomb ination

rate, this sire w ill produce gam etes tha tw ill be

in LD , wh ich w ill extend over larger distance

(Fig. 1), because it has undergone on ly one

generation of recombination. Th is specific type

of LD, however, only ex is ts w ithin this fam ily;

progeny from anothe r sire, e. g. anMq m/ Q sire,

w ill also show LD , bu t the LD is in the opposite

direction because of the different market-QTL

linkage phase in the sire (Fig. 2). On the o ther

hand, MQ m/ Q andMq m/ q sire fam ilies w ill no t

be in LD because theQTL does no t segregate in

these fam ilies. W hen poo led across fam ilies

these fou r types of LD w ill cancel each o ther

out, resu lting in linkage equilibrium across the

population. N everthe less, the w ithin-fam ily LD-

can be used to detectQTL and fo rMAS, provid-

ed the differences in linkage phase are taken into

account, as w ill be demonstrated la ter.

Fig. 1　B reak-up o f LD over generations

F ig. 2　W ithin fam ily marker-QTL LD

1. 2　Use of LD to detectQTL

M ethods to detectQTL using geneticm ark-

ers rely on identify ing m arke rs that are associat-

ed /corre lated w ith pheno type. Th is w ill only oc-

cur fo r markers that are in LD w ith a QTL and

the refore 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 ark-

er depends on the population structure and the

ex tent of LD tha t is present in that popu lation.

For breed crosses, LD is extensive and markers

that are 10 - 20 cM from theQTL w ill still be in

ex tensive popula tion-w ide LD. H owever, w ith in

closed outbred populations, the exten t o f LD w ill
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be lim ited and LD markersmust by necessity be

close to the functional mutation (w ithin 1 to 5

cM depending on population h is tory). In closed

breeding populations, iden tification of LD m ark-

ers, therefo re, is more difficult and requires

cand idate gene approaches or fine-mapping ap-

proaches
[ 2]

w ith h igh-density m arke r maps.

Functionalm utations are most difficu lt to de tect

and few examp les are available
[ 2]
. The princi-

ples behindQTL, detection in each o f these sce-

narios w ill be described further in the fo llow ing

1. 2. 1　 Population-w ide LD in crossbred

populations　C rossing tw o b reeds that differ in

gene and, there fore, haplo type frequencies, cre-

ates extensive LD in the crossbred popu lation

that extends over larger distances because the

LD presen t in the F1 generation, has undergone

on ly one gene ration of recomb ination in the F2

(Fig. 1). This enables detection of QTL tha t

differ betw een the tw o breeds based on a genom e

scan w ith a lim ited number ofm arkers spread o-

ver the genom e(every 15 to 20 cM ) and has

fo rmed the basis fo r the extensive use of F2 or

backcrosses betw een breeds o r lines for QTL de-

tection (e. g. M a lek et a.l
[ 3, 4]

). Th is extensive

LD enables detection o fQTL that are som e dis-

tance from them arkers but also lim its the accu-

racy w ith wh ich the position of the QTL can be

determ ined.

Mo re extensive popu lation-w ide LD is also

expected to exist in synthe tic lines, i, e, lines

thatwe re created from a cross in recen t histo ry.

Depending on the number o f generations since

the cross, the ex tent of LD w ill have eroded

some ove r generations and w ill, therefore, span

shorter dis tances than in F2 popu lations (Fig.

1). Th isw ill require a more dense marker m ap

to scan the genome but w ill enable mo re precise

positioning of the QTL.

1. 2. 2　W ithin-fam ily LD in outbred popula-

tions 　 Because linkage phases betw een the

m arker and QTL can differ from fam ily to fam i-

ly , use ofw ithin-fam ily LD forQTL detection re-

quires marker effects to be fitted on a w ith in

fam ily basis, rather than across the popu lation.

Sim ilar to F2 or backcrosses, howeve r, the ex-

ten t ofw ith in-fam ily LD is extensive and, thus,

genome-w ide coverage is prov ided by a lim ited

numbe r o f markers but significant m arkers m ay

be some distance from the QTL. Thus, LE

m arkers can be read ily de tected on a genom e-

w ide basis using breed crosses or ana lysis of

large half-sib fam ilies, requ iring on ly sparse

m arkerm aps (20 cM spacing). M any examp les

of successful applications of thusmethodo logy for

detection ofQTL regions are available in the lit-

era ture.

1. 2. 3　Population-w ide LD in outbred pop-

ulations　The amount and extent of LD that ex-

ists in the populations that are used for genetic

improvement is the net result o f a ll the forces

that create and break-down LD and is, there-

fo re, the resu lt of the breeding and se lection h is-

to ry of each popu lation, along w ith random sam-

pling, On this basis, popu lations that have been

closed formany generations are expected to be in

linkage equilibrium , except fo r closely linked lo-

c.i Thus, in those popu lations, on ly markers

that are tightly linked to QTL m ay show an asso-

ciation w ith phenotype (Fig. 1), and even then

the re is no guarantee because of the chance

effects of random samp ling.

There are tw o s trateg ies to findm arkers tha t

are in popu lation-w ide LD w ith QTL:

1) evaluating markers that are in or c lose to

genes that are thought to be associated w ith the

trait o f in terest(candidate genes).

2) a genome scan using a h igh-density

m arkerm ap, w ith amarker every 0. 5 to 2. 0 cM.

The success of both these approaches obvi-

ously depends on the ex tent of LD in the popula-

tion. Studies in human popu lations rare ly gener-
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a lly found tha t LD extends over less than 1 cM.

Thus, m any markers are needed to get sufficien t

m arker coverage in hum an popu lations to enable

detection of QTL based on popu lation-w ide LD.

O pportunities to utilize popu lation-w ide LD to

detectQTL in livestock populationsmay be con-

siderably greater because o f the effects of selec-

tion and inbreeding. Indeed, Farnir e t a.l
[ 5]

i-

dentified subs tantial LD in the Dutch H olste in

population, which extended over 5 cM. Sim ilar

results have been observed in o ther livestock

species (e. g. in pou ltry;H eife tz et a.l [ 6] ).

The presence of extensive LD in livestock popu-

lations is advantageous for QTL detection, bu t

disadvan tageous for identify ing the causa tivemu-

tations of these QTL;w ith extensive LD, mark-

ers that are some distance from the causative mu-

tation can show an association w ith phenotype.

The candidate gene approach utilizes

know ledge from species that are rich in genom e

informa tion (e. g. , hum an, mouse), effects of

mu tations in o ther species, prev iously identified

QTL reg ions, and /or know ledge of the physio-

log ical bas is of traits to identify genes that are

though t to p lay a role in the physiology of the

trai.t Follow ing mapping and identification of

po lymorphism s w ithin the gene in the pig, the

association of genotype at the candidate gene

w ith pheno type can be estima ted in a closed

sw ine breeding popu lation ( Ro thsch ild e t

a.l
[ 7] ).

Recent advances in genome technology has

enab led sequencing of en tire genomes, including

of severa l livestock species; the genomes of the

chicken and cattle have been sequenced and

public sequencing o f the genom e of the pig is

underw ay. In addition, sequencing has been

used to identify large numbers o f positions in the

genome that include sing le nucleotide po lymo r-

pishm s (SNPs), ix. DNA base positions tha t

show variation. For examp le, in the ch icken, o-

ver 2. 8 m illion SNPs have been identified by

comparing the sequence of the Red Jungle Fow l

to that of three domesticated breeds ( Interna-

tional Chicken Po lymo rphism M ap Consortium ,

2004). Th is, combined w ith reducing costs of

genotyping, now enables detection ofQTL using

LD-m apping w ith high-density markerm aps.

2　Marker-assisted selection(MAS)

Princip les and lim itations of MAS in bo th

livestock and plan t breed ing were described by

Dekkers e t a l
[ 8]
. The main issues rela ted to

livestock w ill be described in the follow ing.

2. 1　Traits w ithMAS application

Mo lecu larm arkers have been used to iden-

tify loci or chromosom al regions that affect sing le

gene traits and quantitative traits. Sing le gene

traits include gene tic defects or disorders and

appearance. Fo r the purposes of QTL detection

and app lication, quan titative traits can be cate-

gorized into:a) routinely recorded traits, which

be further subdivided into traits that are recorded

on bo th sexes, sex-lim ited traits, and traits tha t

are recorded late in life;b) difficult to record

traits ( feed intake, product qua lity);and c)

unreco rded traits (disease resistance). The a-

bility to detectQTL decreases in the order a),

b), c) because of the availability o f pheno typic

data. For a sim ilar reason, genome scans,

which requ ire mo re phenotypic data, are often

used to de tect QTL for traits in category a),

whereas candida te gene app roaches are more of-

ten used to identify QTL for traits that are no t

routinely recorded (b and c). Poten tia l extra

genetic gains from m arker-assisted selection are

the greatest for traits in category c) and the low-

est fo r traits in category a), in particu lar for

traits that are rou tinely recorded on both sexes

prior to selection, in inverse proportion to the a-

bility tom ake genetic prog ress using convention-

a lme thods
[ 9]
.
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2. 2　General strategies for se lection u-
sing molecular genetic informa-
tion

Once markers that are linked to QTL have

been iden tified, their effects can be estimated

based on the association be tw een phenotype and

genotype. The resulting es tim ates can be used to

ass ign a ‘mo lecu lar sco re’ to each se lection

cand idate, which can be used to predict the ge-

netic value of the individua l and used for selec-

tion. The constitution and me thod of quantifica-

tion of the mo lecu lar sco re depends on type of

LD that is used and on how the marker w ill be

used in se lection.

The th ree types o fmo lecular loci described

previous ly differ not only inm ethods of detection

but also in m ethods of app lication in se lection

program s;whereas direct and, to a lesser de-

gree, LD-m arke rs, allow se lection on genotype

across the population, use o f LE-markers mus t

a llow for d iffe rent linkage phases betweenm ark-

ers and QTL from fam ily to fam ily. Thus, the

ease and ability to u tilize markers in selection is

opposite to their case of detection and increases

from functionalmu tations to LD m arkers and LE

m arkers. In what fo llow s, selection on each of

these three types o fmarkersw ill be referred to as

gene assisted selection (GAS), LD m arkers as-

sis ted selection (LD-MAS), and LE marker as-

sis ted selection (LE-MAS).

In addition to a mo lecu lar sco re, individu-

a ls can also obtain a regular estim ate o f the

breeding value for the co llective effect of all the

o ther genes(po lygenes) on the trai.t A summ a-

ry o f approaches and stra tegies for the use ofmo-

lecular gene tic inform ation in genetic improve-

m ent is given in Tab. 1. D etails of the various u-

ses are prov ided in the remainde r of this paper.

Tab. 1　 Strategies for the use ofmolecular da ta in genetic mi provem ent program s

type
se lection

Program

marke r

requ ire-men ts
inform tion requ ired to

compute molecular sco re

composition o f

mo lecu lar score

selection

crite rion

be tw een breed
1) introg ression

 foreg round

 backg round

 intercross

<10 cM from

QTL

line origin o fmarkers al-
le les at targe t loci

presence /absence

targe t a lle les
mo .l score

- 20 cM

in te rva ls

genom e-w ide

line o rig in o fma rke r al-
le les

%re ipient
breed alleles

2)

mo l score

(recipient trait
phen. )

<5 -10 cM from

QTL

line o rig in o fma rke r al-
le les at targe t loci

#tage t a lle les mo .l score

synthe tic line

deve lopment

<10 cM from

QTL

line o rig in of QTL /

marker alleles

E stim ates o f QTL /mark-
er effects

sum. o f

QTL /marker

estimates

mo .l score

phen. EBV

w ith in b reed

selection

LD-MAS /GAS
d irectmarkers

cand. genes

LD-markers

<1 - 2 cM from

QTL

geno types at QTL /mark-
ers

estimates of QTL /mark-
er effects

sum. o f

QTL /marker

esrima tes

mo .l score

phen. EBV

LE-MAS <10 cM from

QTL

parental origin marker

a lle les w ithin-fam ily es-
tima te s o f QTL /marker

e ffects

sum. o f

QTL /marker

estimates

mo l score

phen. EBV

〗

　1)A ll LD-MAS , cap italizing on extentive LD in cross;

　2)G reater emphasis on markers linked to targe t loci to reduce linkage drag.
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　　 In general, at the tim e o f se lection, bo th

m olecu lar and pheno typic informa tion is availa-

ble fo r use in se lection. The fo llow ing th ree se-

lection s trateg ies can then be dis tinguished:

1) Se lect on themo lecu lar score alone.

2)Tandem selection, w ith selection onmo-

lecular sco re, fo llow ed by se lection on pheno-

type. based EBV.

3) Selection on an index of the mo lecu lar

score and the regular EBV.

Se lection on mo lecular score alone ignores

informa tion tha t is available on all the o ther

genes (polygenes) that affect the trait and is ex-

pected to result in the low est response to selec-

tion, unless all genes that affect the trait are in-

cluded in the mo lecu lar sco re. This strategy

does, however, not require additional pheno-

types, other than those that are needed to esti-

m ate marker e ffects, and can be attractive when

pheno type is difficult or expensive to record (e.

g. disease traits, meat qua lity, etc. ).

If both phenotypic and mo lecular inform a-

tion is available on selection candidates, index

selection is expected to result in g reater response

to se lection than tandem se lection. The reason is

sim ilar to why tw o-trait se lection using independ-

ent culling levels is expected to give low ermu lti-

ple-trait response than index selection;tw o-stage

selection does no t se lect individua ls for which a

low m olecu lar score m ay be compensated by a

high phenotype-based EBV. The choice between

these stra tegies(and o ther alte rnatives) also de-

pends on other factors, such asm arket and cos t

conside rations.

2. 3　Marker-assisted mi provem ent u-

sing between-breed var iation

Mo lecu lar inform ation can enhance the

process of integ rating superior qualities of d iffe r-

ent breeds in a number ofw ays. A ll of these rely

on crosses which, as described previously, re-

su lts in ex tensive LD , which can be cap ita lized

on usingMAS, If a large proportion of the breed

difference in the trait of interes t is due to a small

numbe r of genes, introgression strategies can be

used If a larger numbe r of genes is involved,

m arker-assisted se lection w ith in a synthetic line

is the preferred me thod o f improvemen.t These

strategies w ill be furthe r described be low.

2. 3. 1　M arker-assisted introgression　W ith-

in the contex t ofmeat qua lity, the aim of an in-

trog ression program is to introduce one o r mo re

m eat quality genes ( targe t genes) from a breed

that is superior for m eat quality but infe rior for

perfo rmance (the donor breed) into a high per-

fo rmance line that lacks the target genes(the re-

cip ient b reed), This is done through an initia l

F1 cross follow ed by mu ltiple backcrosses to the

recipient breed and one or more generations of

in tercrossing. The aim of the backcross genera-

tions is to generate indiv iduals that carry one

copy of the dono rQTL alle le but that are sim ilar

to the recipient breed for the rest of the genom e.

Th is is accomp lished by successive backcrosses

to the recipient breed to ‘dilute’ the donor ge-

nom e, while m aintaining the donor a lle le at the

QTL by selecting on ly carrie rs as parents of the

nex t generation. The aim of the in tercrossing

phase is to fix the donor allele at the QTL. The

end resu lt is a population that is s im ilar to the

recipient breed, except fo r re try ing tw o copies of

the donor alle le at the QTL.

The effectiveness of introg ression schemes

is lim ited by the ab ility to identify backcross or

in tercross individua ls that carry the target gene

(s) and by the ability to identify backcross indi-

viduals tha t have a high proportion of the recipi-

ent genome, in particular in the reg ion( s) a-

round the target gene(s). The latter affects the

numbe r o f backcross genera tions required to re-

cover the recipient genom e. M olecular genetics

can enhance the effectiveness of both phases of

an introg ression prog ram. E ffectiveness of the
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backcrossing phase can be increased in two

ways: i) by identifying carriers o f tire targe t

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

hancing recovery of the donor genetic back-

ground (backg round se lection). E ffectiveness of

the intercrossing phase can a lso be enhanced

through foreground selection on the target gene

(s). No te that the use ofm arkers in e ither fo re-

or back-ground selection does no t require esti-

m ation of the m arker or QTL effects. Instead,

the ir use relies on breed differences and the as-

sociation o f marker alle les w ith these breed

differences as a result of extensive LD.

For fo reground and intercross selection, se-

lection is on a mo lecu lar sco re tha t is based on

presence or absence of the target alle le (only in-

div iduals that carry the alle le are se lected)

(Tab. 1). If the target gene canno t be directly

genotyped, carrier indiv iduals can be identified

based on markers that flank the QTL a t

<10 cM , because of the extensive LD in cros-

ses. The m arkers mus t have breed-specific a l-

le les, such that line o rigin can be identified.

The effectiveness of foreg round se lection de-

pends on the number of targe t genes and on the

confidence interval for the position of those

genes, The latter determ ines the size of the ge-

nom ic region that must be introg ressed. Bo th

factors have a large impact on the num ber of in-

div iduals tha t is required to find indiv iduals tha t

are carriers for a ll targe t genes during the back-

crossing phase and homozygous during the inte r-

crossing phase. For the introg ression ofmu ltiple

target genes, gene pyram iding stra tegies can be

used during the backcrossing phase to reduce the

numbe r of individuals required
[ 10, 11]

For background se lection, m arkers arc used

that are spread ove r the genome at <20 cM in-

te rvals, such thatmost genes that affect the trait

w ill be w ith in 10 cM from a m arker. A ga in,

m arkers must have breed-specific a lle les to allow

the tracing of a lleles back to then breed orig in.

M arke r geno types are then used to es tim ating the

proportion of the recip ient genome present in an

individua l, which is used as the mo lecular sco re

(Tab. 1). Individuals w ith the highest propo r-

tion are selected. Combining foreg round and

backg round selection, selection w ill be for the

donor breed segm ent around the target locus bu t

fo r recipient breed segments in the rest of the ge-

nom e. Foreground se lection w ill resu lt in selec-

tion for not only the target locus but also for do-

nor breed loci tha t are linked to th is locus, som e

of which could have an unfavorab le effect on

perfo rmance. To reduce this so-called linkage

drag around the target locus, g reate r emphasis

can be g iven in the m olecular score used for

backg round selection to markers tha t are in the

neighborhood o f the target locus(apart from the

flanking m arkers, wh ich are used in foreg round

selection).

Most studies have conside red marker-assis-

ted introgressionMA I o f single QTL
[ 10]

bu t often

severalQTL must be in trogressed simultaneous-

ly. Several studies (e. g. K oudande e t a.l [ 11] )

have shown tha t large popula tion sizes are nee-

ded to obtain sufficient individuals that are het-

erozygous fo r allQTL in the backcrossing phase.

Th is w ould make MA I not feasib le in livestock

breeding prog ram s. In m any cases, however,

immed iate fixation of introgressed QTL alle les

m ay not be required. Instead, the objective of

the backcrossing phase can be to enrich the re-

cip ient breed w ith the favorable donor QTL a l-

le les at high enough frequency such that they

can be se lected in fo llow ing backcrossing. In

this case, individuals can be selected during the

backcross phase based on a mo lecular sco re

computed as the expected num ber of donor a l-

le les at the n introg ressed QTL, as de term ined

from m arker genotypes:MS =΢
n

i=1
P(Q i), whe re

P(Q i) is the probability tha t the individual car-
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ries the donor allele for QTL I. P robab ilities P

(Q i) can be set equal to 1, 0. 5, and 0 if the in-

div idual carries 2, 1, and 0 donor alleles at the

tw om arkers that flank the QTL, ignoring double

recombinan ts. Selection can be on a sim ilar

score during the intercrossing phase. The effec-

tiveness of these strategies w as evaluated by

Chaiw ong et a.l
[ 12]

These studies showed tha t,

a lthough itm ay not be possib le tom aintain a fre-

quency o f 50% during backcrossing in popula-

tions of lim ited size, MA I can introducemu ltiple

QTL alle les at frequencies that w ill enable the ir

selection fo llow ing backcrossing.

2. 3. 2　Marker-assisted syn the tic line deve lop-

m ent　 Lande et a.l
[ 13]
proposed a strategy for

m arker-assis ted se lection w ithin a hybrid popula-

tion created by crossing two inbred lines. The

strategy capitalizes on population-w ide LD tha t

initially exists in crosses be tw een lines or

breeds. Thus, marker-QTL associa tions identi-

fied in the F2 generation can be selected on for

several generations, until the QTL or markers

are fixed or the disequilibrium disappears.

Zhang e t a.l
[ 14]

eva luated the use of markers in

such a situation w ith selection on BLUP EBV.

They com pared the fo llow ing three se lection

strategies:

MAS:selection on a mo lecular score de-

rived from m arker effects

BLUP: se lection on BLUP EBV derived

from pheno type

COMB:combined selection on an index of

the EBV based onm arke rs and phenotype.

Data for a cross between inbred lines we re

simu lated on the basis on 100 QTL and 100

m arkers in a genome of 2 000 cM. M arker

effects w ere estima ted in the F2 generation using

a tw o s tep procedure. In the first step, a sepa-

rate F2 popu lation from the sam e cross w as used

to identify m arkers w ith the largest effects.

Then, to obtain unbiased estima tes, the effects

of thosemarkersw ere re-estim ated in the F2 pop-

ulation under selection. The la tter were used to

obtain m arke r-based EBV , which were used as

the mo lecu lar score th roughout the se lection

process. Zhang et a.l
[ 14]

found that index selec-

tion (COMB) resulted in the g reatest response,

fo llow ed by se lection on BLUP EBV and selec-

tion on markers alone, Rates of response de-

clined over generations for all strateg ies because

data were s imulated using a finite number of lo-

ci, which were moved to fixation by se lection.

Rates o f response dec lined faste r for the MAS

strategy because recombination e roded the dise-

quilibrium betw een the markers and QTL. Nev-

erthe less, substan tia l rates of response were ob-

tained using se lection onm arkers alone. The lat-

te r has poten tia l for se lection for meat quality

traits because it does no t require continuous phe-

notypic evaluation o fm eat quality traits, in con-

trast to the BLUP and COMB strateg ies. Zhang

e t a.l
[ 14]

considered the idea l situation of a cross

w ith inbred lines. A lthough the lines were no t

divergent for the trait of interest, they were ho-

mozygous at alte rnate alle les for all loc.i B reeds

used in a cross to enhancem eat qua lityw ill typi-

cally have different means, wh ich w ill increase

the extent of linkage disequilibrium in the cross.

H owever, bo th breeds w ill likely seg rega te for

m os t QTL, which w ill reduce the disequ ilibri-

um. Neverthe less, even in crosses betw een com-

m ercia l breeds of sw ine, substantial numbers of

QTL have been found for wh ich the breeds have

sufficient differences in frequency to allow the ir

detection
[ 3, 4, 15]

. In add ition, favorable effects

have been found to originate from the breed w ith

the low erm ean fo r a number ofQTL
[ 4]
.

2. 4　Genetic mi provem ent using w ith-
in-breed variation

Most selection program s for sw ine focus on

genetic improvem ent w ithin a breed or line and

the subsequen t use of that line w ithin a cross-
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breeding strategy. W ithin-breed se lection re-

quires informa tion tha t captures differences be-

tw een indiv idualsw ithin a breed, rathe r than the

betw een-breed differences that w ere discussed

previous ly. The purpose of this section is to de-

scribe opportunities for genetic improvem ent of

m eat quality based on w ithin-breed se lection

program s, starting w ith conventional selection.

Th is w ill be divided into selection using LE-and

LD-markers.

2. 4. 1　 Selection using LE-MAS based on

w ith in fam ily LD　 U se of w ith in-fam ily LD

betw een a QTL and a N uked marker requires

m arker effects o r, at a m inimum , m arker-QTL

linkage phases to be de term ined separate ly for

each fam ily. This requ iresm arker geno types and

pheno types on fam ily members. If linkage be-

tw een the m arker and QTL is loose, pheno typic

reco rds must be from close relatives of the selec-

tion candidate because associations w ill erode

through recombination. W ith progeny data,

m arker-QTL effects or linkage phases can be de-

te rm ined based on simp le statistical tests tha t

con trast the mean pheno type of progeny that in-

herited a lternatemarker a lleles from the comm on

paren.t A lternatively, marker-assisted anima l

m odels have been deve loped to incorporate

m arker data in genetic eva luation fo r complex

pedig rees
[ 16]
. These mode ls resu lt in BLUP

EBV ofQTL effects a long w ith polygenic BBV.

Because se lection is on perfo rmance traits along

w ith meat qua lity, these es tim ates should be

combined w ith EBV for perform ance traits into

an econom ic index

Imp lem entation of LE-MAS requires exten-

sive phenotyping and genotyping, which calls

the econom ic feasib ility of such program s into

question. In addition, data should be available

fo r several genera tions prior to initiatingMAS to

accurate ly estim ate QTL effects. A nother obsta-

cle fo r the use o fw ith in-fam ily LD is that it re-

quires know ledge of QTL regions that seg regate

w ithin the population. S ince m os tQTL mapping

studies in p igs are based on the breed cross

m odel, info rmation about w ith in-breed segrega-

tion ofQTL is lim ited. Thus, w ith in-breed QTL

m apping studies must be conducted prio r to im-

plementation of MAS. A lthough such s tudies

cou ld concentrate on QTL regions p reviously i-

dentified in breed cross studies, substantia l pop-

ulation sizes w ill be required to de tect o r confirm

the ir segregation w ithin a breed. Such a study

was recently conducted by Evans et al
[ 17]
. They

found thatQTL regions iden tified in a cross be-

tw een divergent breeds could indeed be con-

firmed to segregatew ith in commercial lines. Re-

lated issueswere discussed by Spe lman et a l
[ 18]
.

in the context of implementing QTL know ledge

in dairy cattle breeding prog ram s.

2. 4. 2　 Selection using LD-MAS based on

population-w ide LD 　A lthough markers tha t

are notw ithin the functional gene are not expec-

ted to be in extensive LD w ith a QTL w ithin a

closed popu lation, markers that are tightly

linked to aQTL have a substantia l probability to

be in partial popu lation-w ide LD w ith tha tQTL

because of the effects of drift, selection, muta-

tion, and popu lation adm ixture
[ 19 - 21]

. This

probability is higher in selected popu lations of

sma ll effective size, which is the case for live-

stock, as demonstrated by Farnir et al
[ 5]
. for

dairy cattle. The exten t of LD can often be en-

hanced through the use of haplo types of tightly

linked m arkers. H igh-density m arker maps

w ith, e. g. , am arker every 1 or 2 cM , w ill also

includem arkers that are in tight linkagew ith the

QTL and that have the potential to be in substan-

tial popu lation-w ide LD, aswas recently demon-

strated by M euw issen et al
[ 21]
. through simula-

tion. They showed that for populations w ith an

effective popula tion size o f 100 and a 1 o r 2 cM

spacing betw een markers across the genom e,
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su fficient disequ ilibrium was p resen t that genetic

values cou ld be p redicted w ith substantial accu-

racy for several generations on the basis associa-

tions ofm arker haplotypes w ith pheno type on as

few as 500 individua ls. N ew high-throughpu t

technolog ies now enable to conduct this for rea-

sonable costs. In add ition, opportunities may

ex is t to utilize th is approach on a lim ited scale

by saturating previously identified QTL reg ions

w ithm arkers.

Form arkers that are in population-w ide LD

w ith theQTL, se lection can be directly onm ark-

er genotype or on m arker hap lotype if mu ltiple

linkedm arkers are used to track theQTL. It is,

however, essential to estim ate the effects of the

m arkers w ithin the population unde r selection to

cap ture the degree o f LD and linkage phases tha t

arc present in the popu lation and to guard a-

gainst poten tia l in teractions o f the QTL w ith the

backg round genome. For the sam e reason, it

w ill also be prudent to re-estimate the effects on

a regular basis. E stimation requiresm arker gen-

otypes andm eat quality phenotypes on a random

samp le of individuals in the population and

should be based on an anim almode lw ithm arker

genotypes or haplo types included as fixed

effects
[ 22, 23]

.

2. 4. 3　LD-MAS versus LE-MAS　 An im-

portant consideration fo r the use ofmolecular ge-

netics in breeding prog ram s is whether to w ork

tow ard the application o f LE-MAS, LD-MAS, or

GAS. Requ iremen ts for de tection are least for

LE m arkers and greatest fo r identifica tion of

functionalmutations. H owever, once a function-

a lmutation is iden tified, requirements for esti-

m ation and confirma tion of effects in other popu-

lations are much lower than for LE-m arkers be-

cause the latter requires pheno types and geno-

types on pedigreed popu lations versus a random

samp le. Requirements for integration of geno-

type data in routine genetic evaluation proce-

dures are also much greater for LE-MAS than for

LD-MAS and GAS, bo th w ith regard to require-

m ents o f individuals that must be phenotyped

and genotyped and w ith regard to methods of a-

na lysis. G enetic evaluation requirements are

sligh tly g reate r fo r LD-MAS than GAS because

LD-MAS requires iden tification and ana lysis of

m arker haplo types and confirm ation o f m arker-

QTL linkage phases.

W hereas the previous refer to requirem ents

fo r a g iven QTL, LE-MAS allow s for genom e-

w ide ana lysis and eva luation ofQTL w ith a lim it-

ed num ber o fm arke rs. This is a lso possible for

LD-MAS w ith high-density geno typing. M euw is-

sen at a.l
[ 21]

dem onstrated thatMV of h igh ac-

curacy cou ld be ob tained from a Bayesian m ixed

m odel analysis of m arker hap lotypes w ith high-

density geno typing.

Opportunities fo r increases in gene tic gain

from a given QTL are low es t from LE-MAS be-

cause o f the lim ited inform ation tha t is availab le

to estimate effects on a w ith in-fam ily basis,

while for both LD-MAS andGAS, effects are es-

timated from data across fam ilies. A ccuracy of

estimates may be sligh tly low er for LD-MAS than

GAS as a resu lt of incomple tem arker-QTL dise-

quilibrium and a greater number o f effects

(m arker hap lotypes versus QTL genotypes)[ 24] ,

Opportunities for inte llectual property protection

and product d iffe rentiation are greatest for GAS

but lim ited for LE-MAS.

3　 Integration of MAS in breed ing

program s

　　 It is clear tha t successfu l implem enta tion o f

a MAS program requires a comp rehensive inte-

gra ted approach that is closely aligned w ith busi-

ness goa ls andm arkets. C omponents of such an

approach include DNA collection, phenotyping,

pedig ree recording, genotyping, estab lishment of

genotypic and phenotypic data bases, and ana-
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ly tical too ls, and qua lity contro l system s. Appli-

cation ofMAS also requires carefu l consideration

of econom ic aspects and bus iness risks. E co-

nom ic analysis ofMAS requires a comprehensive

approach tha t aim s to evaluate the econom ic fea-

sibility and optim al implementation ofMAS. A n

excellent example of such an analysis is in

H ayes e t al
[ 25]
, who conducted a comprehensive

econom ic analysis of the imp lementation of LE -

MAS in the nucleus breeding program o f an inte-

gra ted pig production enterprise. QTL detection

andMAS on identified QTL regions fo r a multi-

trait breeding goal and associated genotyping

costs and extra returns from the production phase

of the integ rated enterprise w ere considered in

the econom ic assessmen.t They concluded tha t

implem entation of LE-MAS was feasib le for the

assumed cost and price param ete rs. They also

found that, in particular if QTL detection was

based on sma ll samp le sizes, stringen t thresh-

o lds shou ld be set during the QTL detection

phase such that genotyping costs during the im-

plementation phase are reduced and selection of

false positives ism inim ized.

W hereas H ayes et a.l
[ 25]

eva luated eco-

nom ic re turns from MAS from increased profit a t

the production level, which is proportional to ex-

tra gene tic gain, most comme rcia l breeding pro-

grams de rive profit from increased m arke t share

of breeding stock or germ plum. In genera l, im-

plementation ofMAS w ill have a greater impact

on market share than on genetic gain. Success of

MAS also depends on the cons is tency of QTL

effects across popu lations and environm ents. Re-

su lts from introgression program s in p lants have

found that effects tend to be consistent for ma jor

genes for simp le traits but not for QTL for com-

plex traits (e. g. yield)[ 26] . Inconsistent effects

have also been observed far some well-studied

genes in livestock. For exam ple, for the ESR

gene for littersize in pigs som e studies have

found no effect and interactions w ith line and en-

vironment have been identified
[ 7] , Reasons for

inconsistent results across studies and popula-

tions include statistical anom alies such as false

positive or nega tive resu lts (sm all sam ple sizes)

and overestimation of significant QTL effects, a

we ll a true effects, such a inconsistentm arker-

QTL linkage phases across popula tions for LD-

m arkers, genotype by environment in teractions,

and epistatic effects. Th is points to the need to

continuously evaluate and monitor gene or QTL

effects in the target popula tion and env ironmen t,

which requires continuous emphasis on pheno-

typ ic recording. In addition, stra tegies m ust be

developed to estimate gene e ffects at the com-

m ercia l leve l for nucleus breeding program s, in

particular if they invo lve crossb reeding. This a l-

so opens oppo rtunities to use markers to capita l-

ize on non-additive effects and assignm ent of

specific matings.

G iven the unce rtainties about the sustain-

ability of m arker effects, it appears prudent to

use molecular genetic info rmation in a m anner

that does no t prevent progress tow ard the overall

breeding goal that can be achieved through con-

ven tiona l se lection. A crucial concept in th is re-

gard is to app ly MAS in se lection space that is

not o r under-utilized by conven tiona l selec-

tion
[ 27]
. A prime examp le is pre-se lection on the

basis of m arkers among m embers of a full-sib

fam ily for further testing, prior to availability of

individua l or progeny records. In such situa tions

conventional se lection has no basis fo r se lection

because EBV are de rived from pedig ree inform a-

tion, wh ich is the sam e for allm embe rs of a full-

sib fam ily. Fam ily members can, however, dif-

fe r for the markers they inherited, which then

provides a basis for selection, instead o f having

to m ake a random choice.

Recent gene andQTL mapping studies have

a lso revealed thatQTL m ay no t be expressed in a
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M endelian fashion. In particu lar, several s tudies

have detected genes and QTL in pigs that are

sub ject to gametic imprinting
[ 28, 29]

. Fu ture s tud-

ies w ill undoub tedly identify other epigenic phe-

nom ena that affect the inheritance and expres-

sion o fQTL. These effectsw ill need to be taken

into accountwhen designing selection prog ram s.

A lthough they may on the one hand complicate

selection program s, theymay a lso provide oppo r-

tunities. For examp le, De Koning[ 30] suggested

that utilization of a combina tion of imprinted and

sex-linked QTL would a llow a dive rse set ofm ar-

kets to be targeted through strateg ic crosses be-

tw een a sing le set of b reeds.
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译文

分子遗传技术与数量遗传技术结合使遗传改良速度最大化

Jack C. M. DEKKERS

(Depar tment o f An im a l Science and Center fo r Integrated Anim al Genom ics

239D K ildeeH a ll, Iow a S ta te Un ive rsity, Am es, IA, 50011, USA)

摘要:随着分子遗传学的发展 , 为家畜的遗传改良提供了新的手段 , 可以直接选择影响性状的基因或包含基因的染

色体区域 , 即所谓数量性状基因座(QTL)。 QTL的检测和应用依赖于可以分型的遗传标记和 QTL之间是否存在连

锁不平衡. 本文对畜群中存在的或可以在试验畜群中产生的连锁不平衡的特性 、及其在 QTL检测和标记辅助选择中

的作用进行了综述 ,并且概述了标记辅助选择的不同策略的优缺点. S主要的观点是利用标记辅助选择加快遗传改

良的速度是可行的 ,特别是可以利用群体范围的连锁不平衡时更是如此 ,但是这需要认真地分析并在现有育种方案

中落实。
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