
C
hapter 6.  M

arker-assisted selection

6.1 Introduction

M
uch m

ore has been w
ritten w

ith respect to m
ethods for detection and analysis of individual

quantitative trait loci as com
pared to application of these genes in breeding program

s.  M
any

of the review
s on this topic that w

ere published w
ere quite pessim

istic (Sm
ith and Sim

pson,
1986; Stam

, 1986).  In those situations in w
hich traditional selection index w

orks w
ell, little is

gained by identification of the individual loci affecting quantitative traits.  H
ow

ever, m
any

practical breeding situations are encountered in w
hich trait based selection index is very

inefficient 
or 

im
practical. 

 
In these 

instances 
m

arker-based 
selection can 

m
ake 

a very
significant gain. In this chapter w

e w
ill first review

 the principles of selection index, and then
consider the value of genetic gain, w

hich is m
uch higher than generally thought.  W

e w
ill then

consider situations for w
hich traditional selection index in not efficient, and consider various

possible strategies to apply M
A

S
.  Finally w

e w
ill briefly consider long-term

 consequences
of M

A
S, and application of M

A
S together w

ith other possible biotechnological advances.

6.2  P
rinciples of selection index

L
ush and H

azel form
ulated the principles of econom

ic selection index.  A
lthough they did not

phrase the derivation of selection index in m
atrix term

s, w
e w

ill do so because it greatly
facilitates 

explanation. 
For 

selection 
on 

a single 
trait 

based 
only 

on 
trait 

records 
and

relationships am
ong anim

als, the expected gain is m
axim

ized by selecting individuals based on
their estim

ated genetic values,u , w
hich can be com

puted as follow
s:

u
 = E

(u) + C
V

-1[y-E
(y)]

{6.1}

w
here E

(.) denotes an expectation, y is a vector of trait records, C
 is the covariance m

atrix
betw

een u and y, and V
 is the variance m

atrix of y.  (A
s previously, m

atrices w
ill be denoted

by bold type.) For the case of a single record per individual and no relationships, C
V

-1 is
equal to the heritability of the trait.  T

he expected gain due to one generation of selection, δ,
based onu  is com

puted as follow
s.

δ =
 iρ(σ

A )
{6.2}

w
here i is the selection intensity, ρ

 is the accuracy of the evaluation, and σ
A  is the additive

genetic standard deviation.  For selection based on  a single record per individual and no
relationships, ρ

 is the square root of the heritability.  G
enetic gain per 

year, ∆
G

 is then
com

puted as follow
s:

∆
G

 =
 iρ(σ

A )/L
{6.3}

w
here L

 =
 generation length in years.  Selection index is rem

arkably efficient under the
optim

um
 

conditions, 
high 

heritability, 
high 

fertility, 
and 

the possibility 
to 

score 
the

quantitative trait on all individuals prior to breeding.  H
ow

ever, very few
 actual situations

correspond to these idea conditions.  A
lthough it w

ould seem
 that if the individual genes

affecting the trait w
ere know

n, that it should be possible to devise a m
ore efficient selection

strategy, this is apparently not the case (W
eller and Soller, 1981). 

W
e w

ill now
 briefly consider selection index for a m

ultitrait breeding objective.  A
ssum

e
that for each individual there is a vector y, of length m

, consisting of the individual's breeding
values for traits of econom

ic im
portance and a vector x of n m

easured traits to be included in
the selection index.  A

lthough x and y m
ay include the sam

e traits, this does not have to be
the case.  A

ssum
e further that the econom

ic values associated w
ith y are linear functions of

the trait values.  W
e can then define a vector a, also of length m

, consisting of the econom
ic

values of the traits in y.  T
he aggregate econom

ic breeding value, H
, can then be com

puted as
a'y.  H

, the optim
um

 selection index, is a scalar in m
onetary units.  For a given selection

intensity, the response to selection w
ill be greatest, in m

onetary units, if candidates for
selection are ranked by H

.  Since the elem
ents of y are generally unknow

n, the goal is to derive
the linear index, Is , of x, that m

axim
izes the correlation betw

een Is  and H
.  Specifically, b is

defined as a vector of index coefficients,  Is  =
 b'x.  In scalar notation, Is  =

 b
1 x

1  +
 b

2 x
2  +

...+
b

n x
n , w

here b
i  is the index coefficient for trait i.  T

he objective is to solve for the vector b that
m

axim
izes the correlation betw

een b'x and a'y.  D
efining P

, the n x n phenotypic variance
m

atrix of the traits in x;  C
, the n x m

 genetic covariance m
atrix betw

een the m
easured traits in

x and the breeding values in y; and G
, the m

 x m
 genetic variance m

atrix for the traits in y; the
selection index coefficients are then derived by the follow

ing equation:

b = P
-1C

a
{6.4}

B
rascam

p (1984) presents 
several m

ethods to derive this equation, and 
sum

m
arizes the

im
portant properties of the selection index.  If econom

ic values are linear functions of the
biological trait values, and if no inform

ation other than trait values and relationships are
know

n, then selection of parents based on Is  is the m
ost efficient m

ethod to increase the m
ean

econom
ic value of the population.  T

he response of the vector of individual traits, δ,  to one
generation of selection on Is  is com

puted as follow
s:

δ = iC
b/σ

Is
{6.5}

w
here σ

Is  is the standard deviation of the selection index.  T
he econom

ic value of this

response, a'δ, is com
puted as follow

s:

a'δ = i(a'G
a) 0.5

{6.6}

6.3  T
he value of genetic gain



A
s already noted, m

any of the studies that have considered M
A

S are quite pessim
istic.  In

certain breeding program
s gains obtained by inform

ation on specific genes w
ill be m

inuscule. 
L

ike any 
other investm

ent, genotyping m
ust be considered in term

s of potential gains vs.
costs.  G

enetic gain is unlike all other investm
ents, in that gains due to breed im

provem
ent are

eternal and cum
ulative.  U

nlike investm
ent in new

 m
achinery, genetic gain never is "used up"

and never has to be replaced.  U
nlike introduction of a new

 treatm
ent or process, w

hich m
ust

be continually applied, once genetic gain is obtained, no further investm
ent is required to

m
aintain this gain.  T

he annual rate of genetic gain in m
ost dom

estic species is from
 about 1 to

a 5%
 of the m

ean (L
ande and T

hom
pson, 1990; W

eller and Fernando, 1991). A
lthough these

num
bers 

seem
 

sm
all, they 

in 
fact 

represent 
hugh 

increases 
in 

econom
ic 

value, 
as 

is
dem

onstrated below
.

T
he calculations that follow

 are based on the calculations of W
eller (1994) for the value of

gains from
 breeding to the national econom

y.  C
onsider an ongoing breeding program

 w
ith a

nom
inal genetic gain of V

 each year.  T
he cum

ulative discounted returns, R
, w

ill be a function
of the nom

inal annual returns, the discount rate, the profit horizon and the num
ber of years

from
 the beginning of the program

 until first returns are 
realized.   R

 is then com
puted as

follow
s (H

ill, 1971):
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W
here r =

 1/(1+
d), d =

 discount rate, T
 =

 profit horizon, and t =
 years to first returns.  For d

= 0.08, T
 = 20 years, and t = 5 year,  R

 = 32.58V
.  T

hat is, the cum
ulative returns are equal to

33 tim
es the nom

inal annual returns.  For an infinite profit horizon, E
quation {6.7} reduces

to:

V
r t                 V

           
R

 =  Ä
Ä
Ä
Ä

  =  Ä
Ä
Ä
Ä
Ä
Ä

  =  124.04V
{6.8}

(1 - r) 2         d
2(1 + d) t-2        

              
   

W
e w

ill now
 com

pare the value of nom
inal annual genetic gain to annual costs of a

breeding program
, assum

ing a fixed nom
inal cost per year.  C

osts, unlike genetic gain are not
cum

ulative.  T
hus, assum

ing first costs in the year after the base year, C
, the net present

value of the costs of the breeding program
, is com

puted as follow
s:

      C
c r(1 - r T)

C
 = ÄÄÄÄÄ

 
{6.9}

       1 - r

W
here C

c  = annual costs of the breeding program
.  U

sing the sam
e values for T

, and d, C
 =

9.82C
c .  T

hus, net profit is positive if V
 >

 0.31C
c .  For an infinite profit horizon, C

 =
 12.5C

c ,
and profit w

ill be positive if V
 >

 0.1C
c .

T
hus, a M

A
S breeding program

 w
ill be profitable even if the nom

inal annual costs are
several tim

es the nom
inal annual genetic gain.  For exam

ple, w
e w

ill consider the 
U

S dairy
cattle population, w

hich consists of about 10,000,000 cow
s.  A

nnual genetic gain is about 100
kg m

ilk/yr.  T
he value of a 1 kg gain in m

ilk production has been estim
ated at $0.1 (W

eller,
1994). T

hus, the annual value of a 10%
 increase in the rate of genetic gain (10 kg/yr) is:

V
 = (10 kg/cow

/yr)($0.1/kg)(10,000,000 cow
s) = $10,000,000/yr

{6.10}

T
he cum

ulative value w
ith a profit horizon of 20 yr and an 8%

 discount rate w
ould be $330

m
illion, and break-even annual costs are $32,000,000/yr.  T

hus, it w
ould be profitable to

spend quite a lot for a relatively sm
all gain. 

T
hese calculations are based on the gain to the 

national econom
y.  B

rascam
p et al.

(1993) considered the econom
ic value of M

A
S based on changes in returns from

 sem
en sales

for a breeding organization operating in a com
petitive m

arket.  In this case a breeding firm
 that

adopts a M
A

S program
 can increase its 

returns either by increasing its 
m

arket share or
increasing the m

ean price of a sem
en dose.  A

lthough the value of genetic gain w
ill be less,

relatively sm
all changes in genetic m

erit can result in large changes in m
arket share.

6.4  Situations in w
hich selection index is inefficient

T
he practical situations in w

hich selection index is not efficient can be listed as follow
s:

1.  L
ow

 heritability for trait included in the econom
ic objective.

2.  T
raits that cannot be scored on all individuals (m

ales, juveniles, live anim
als, disease

challenge).
3.  N

egative genetic correlations am
ong traits.

4.  N
on-additive genetic variance (dom

inance, epistasis).
5.  C

rossbreeding.
6.  "C

ryptic" genetic variation.
7.  Introgression.

W
e have already m

entioned the first tw
o situations above.  M

any traits of m
ajor econom

ic
im

portance have been neglected in breeding program
s because of low

 
heritability.  Prim

e
exam

ples are fertility traits and disease resistance.  Selection index w
orks best on traits w

ith
near norm

al continuous distributions.  T
hus, traits such as 

conception 
rate, 

num
ber 

of
progeny, or disease have received less em

phasis in breeding program
s.  Selection index is less

efficient w
hen the trait is expressed only in one sex, or only in m

ature individuals.  C
ertain

traits cannot be scored on live anim
als, such as carcass com

position.  In this case genetic
values can only be estim

ated though records of relatives. 
A

s show
n by Falconer (1964) negative genetic correlations am

ong traits included in the



selection objective tend to build up over tim
e.  N

early all 
com

m
ercial breeding program

s
include traits w

ith negative genetic correlations.  T
he effect of negative genetic correlations

am
ong traits included in the selection objective w

ill be considered below
 in detail. 

C
learly, selection index does not utilize non-additive genetic variance, nor 

does it
provide an answ

er for crossbreeding am
ong straits.  T

he three m
ain goals of crossbreeding are:

(1) utilization of heterosis, 
(2) 

increased 
genetic variation, 

and 
(3) 

introgression. 
 

T
he

"classical" 
explanations 

for 
heterosis 

are 
elim

ination 
of 

inbreeding depression, 
and

overdom
inance at the level of the individual locus.  E

ven in the absence of these "true" genetic
effects, crossbreeding is often m

ore profitable than selection w
ithin a single line.  M

oav
(1966) defined five type of "econom

ic" heterosis.
D

ifferent breeds are som
etim

es crossed to produce a population w
ith increased genetic

variance. 
 

Selection index 
can 

then 
be 

used 
to 

increase 
the 

econom
ic 

value 
in 

future
generations.  H

ow
ever, desirable genes of individuals w

ith overall inferior phenotypes can be
lost through trait based selection.  G

enerally only the econom
ically best breeds w

ill be
considered as parental candidates.  A

gain, som
e breeds w

ith overall inferior phenotypes m
ay

carry som
e desirable genes w

hich w
ill not be found by trait based selection.  T

his is especially
true of w

ild progenitors of dom
estic species.  T

his "cryptic" genetic variation can be utilized
via M

A
S.

"Introgression" is the process w
hereby a characteristic, or a specific gene is transferred

from
 one strain to another.  T

he prim
e exam

ple are disease resistance genes from
 w

ild
relatives of dom

estic strains.  A
nother exam

ple are very advantageous genes that appear b
y

m
utation in a dom

estic population, 
such as the B

aroola gene in sheep.  T
he 

traditional
approach has been to first cross the "w

ild strain" carrying the desired gene or trait and 
the

otherw
ise superior cultivar.  

A
 

series 
of 

backcross generations 
to 

the 
cultivar 

is then
perform

ed, w
hile trying to m

aintain the desired trait for the w
ild strain.  T

his process can be
significantly facilitated by inclusion of genetic m

arkers for the desired gene. 
Introgression w

ill be at the 
expense of selection w

ithin the breed.  V
isscher et al.

(1997) 
sim

ulated 
introgression 

for 
a 

nucleus 
sw

ine 
population 

under 
selection 

for 
a

quantitative trait w
ith a heritability of 0.25.  T

hey found that the reduction in genetic gain for
the m

ain objective of selection due to introgression w
ithout M

A
S w

as betw
een one and tw

o
generations.  If M

A
S 

w
as em

ployed, this loss could be slightly reduced, if the 
num

ber of
generations of backcrossing w

as less than 5.  T
hey did not consider the possibility of reducing

the generation interval via M
A

S, by breeding prior to expression of the introgressed allele.

6.5  P
otential contribution of M

A
S for selection w

ithin a breed

Potentially, M
A

S can 
increase annual genetic gain by: increasing accuracy of evaluation,

increasing selection intensity, or decreasing generation interval.  M
ost of the studies on M

A
S

have dealt w
ith increasing the 

accuracy of evaluation.  Inform
ation on the individual genes

affecting the 
trait of interest does increase the 

accuracy of the evaluation, but the effect
decreases as the heritability increases.  A

ssum
e that m

arker inform
ation is available for Q

T
L

affecting som
e of the traits included in the breeding objective.  W

e w
ill define m

 as the "net

m
arker score", w

hich is the sum
 of the additive effects associated w

ith the m
arkers for a given

individual.  W
ith inform

ation on individual loci 
in addition 

to 
phenotypic 

trait 
values,

selection index m
ethodology can be used to construct an optim

um
 linear selection index of the

form
: b

x 'x +
 b

m m
, (L

ande and T
hom

pson, 1990), w
here b

x  represents the index coefficients
for the quantitative trait records, x, b

m  represents the index coefficient for m
.  For single trait

selection the relative w
eights of b

m
 and b

x  are com
puted as follow

s:

b
m

 /b
x  = (1/h

2 - 1)/(1-p)
{6.11}

w
here h

2 is the heritability, and p is the fraction of the additive genetic variance associated
w

ith the genetic m
arkers.  A

s the heritability tends tow
ard unity, b

m
 tends to zero, regardless

of p.  T
he relative efficiency, R

E
, of tw

o 
different indices is defined as the 

ratio of their
expected genetic gains.  T

he 
R

E
 of a selection index including m

arker inform
ation 

to 
a

selection index based only on trait values for individual selection is com
puted as follow

s
(L

ande and T
hom

pson, 1990):

                   
Ú
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A
s heritability tends to unity, so does R

E
.  For h

2  =
 0.25, and p =

 0.5, R
E

 =
 1.5.  T

hus, gains
for individual selection through M

A
S can be quite significant.  R

E
 com

puted for selection
based on half-sib or full-sib records are m

uch less.  W
ith half sib selection, the m

axim
um

 gain
possible, as p tends tow

ards unity is 2[(1-h
2/4)/(1+

2h
2)].  For h

2 =
 0.5, m

axim
um

 R
E

 =
 1.58.

Selection 
intensity 

can 
be 

increased 
by selection 

am
ong 

individuals 
w

ithout
phenotypic expression of trait.  For exam

ple, m
ilk production is expressed only in fem

ales. 
T

herefore selection am
ong m

ales is based only on inform
ation from

 relatives.  W
ith only

inform
ation on relatives tw

o full brothers w
ill have the sam

e genetic evaluation.  Inform
ation

on m
arkers could be used to differentiate betw

een them
. 

In 
m

ost 
anim

al 
breeding 

program
s, 

selection 
intensities, 

accuracies 
of 

genetic
evaluations and generation intervals are different along the for paths of inheritance: sires to
sons, sires to daughters, dam

s to sons, and 
dam

s to daughters.  In this case, m
ean annual

genetic gain for the population, ∆
G

, is com
puted as follow

s:

          δ
SS  + δ

SD  + δ
D

S  + δ
D

D

∆
G

 =  Ä
Ä
Ä
Ä
Ä
Ä
Ä
Ä
Ä
Ä

{6.13}
           L

SS  + L
SD  + L

D
S  + L

D
D

W
here: δ

x  =
 genetic gain per generation for path x, and L

x  =
 generation interval for 

path x. 
T

he m
ale generation intervals are usually m

uch longer than the biological m
inim

um
. B

ulls



reach sexual m
aturity of the age of one year. M

ost advanced dairy cattle breeding program
s

are based on a progeny test of young sires based on 50 to 100 daughters.  Sires w
ith superior

evaluations based on the first crop of daughters are returned to service. H
ow

ever, by the tim
e

daughter m
ilk production records are 

available these sires are 
five years old.  T

heoretical
studies show

 that the gain in accuracy obtained by 
the progeny test 

outw
eighs the loss

incurred by increasing the generation interval. 

6.6 Incorporation of M
A

S into existing breeding program
s

A
 num

ber of studies have estim
ated the expected gain from

 incorporating M
A

S into existing
dairy 

cattle 
breeding 

program
s. 

 
M

ost 
of 

these 
studies 

have 
assum

ed 
only 

m
inor

m
odifications of the existing program

s.  A
 priori, dairy cattle im

provem
ent should be nearly

an ideal situation for application of M
A

S, as noted above, because m
ost econom

ic traits are
only expressed in fem

ales, w
hich have very lim

ited fertility.  M
euw

issen, and van A
rendonk

(1992) considered tw
o schem

es.  T
he first schem

e w
as a traditional progeny test schem

e in
w

hich inform
ation on m

arkers w
as used to m

ore accurately evaluate young sires in addition to
records on their daughters.  In this schem

e M
A

S increased ∆
G

 only 5%
 w

hen the m
arkers

explained 25%
 

of the genetic variance.  T
his result is not surprising considering that the

accuracy of sire evaluations based on a progeny test of 50 daughters is already quite high. 
T

he advantage of this schem
e is that it requires virtually no change in the existing breeding

either on the part of A
I institutes or farm

ers, and w
ould therefore m

eet w
ith no opposition. 

M
euw

issen, and 
van A

rendonk (1992) also considered both "closed" and 
"open"

nucleus breeding schem
es.  In nucleus schem

es selection is carried out w
ithin a relatively sm

all
population, and bulls produced from

 this populations are then used to service the general
population. 

 R
ate of increase in nucleus populations 

can 
be greater, chiefly 

because 
of

application of m
ultiple ovulation and em

bryo transplant (M
O

E
T

) to dram
atically increase

selection intensity along the dam
 to daughter path.  M

O
E

T
 is only econom

ically viable for a
sm

all population.  Furtherm
ore, it should be possible to obtain m

ore accurate records from
 a

sm
all population m

aintained specifically for breeding purposes. In closed nucleus schem
es

only cow
s from

 the nucleus population are used as dam
s, w

hile in open schem
es superior

cow
s from

 the general population are also used.  In M
O

E
T

 schem
es, progeny testing of sires

is not a viable option, and 
sires are selected based on records of half-sisters.  T

hus, the
accuracy of sire evaluations are 

m
uch lower, 

w
hich gives m

ore scope for im
provem

ent via
M

A
S.  Increase of rates of genetic gain w

ere 26%
 and 22%

 for open and 
closed nucleus

schem
es if the m

arkers accounted for 25%
 of the genetic variance.  E

ven w
ithout m

arkers,
genetic gains w

ere greater for nucleus schem
es than traditional progeny testing schem

es,
although several studies have disputed these claim

s.
K

ashi, H
allerm

an and Soller (1990) 
considered 

a 
standard 

progeny 
test 

breeding
schem

e, but 
used m

arkers to select am
ong young candidate bulls prior to progeny test, in

addition to pedigree inform
ation.  A

s in the 
nucleus schem

es considered above, there is
significant scope for im

provem
ent, since the accuracy of young sires evaluations based only

on pedigree inform
ation is low

.  T
his m

ethod also has the advantage that it only requires

m
inim

al changes on the 
part of the A

I institutes, and 
no changes by the 

farm
ers.  K

ashi,
H

allerm
an and Soller (1990) estim

ate that rates of genetic could be increased up to 30%
 b

y
this schem

e.  H
ow

ever, B
rascam

p et al. (1993) note that K
ashi et al. (1990) did not account

for the expected differences am
ong estim

ated breeding values of candidate bulls.  Furtherm
ore,

K
ashi et al. (1990) did not account for the reduction in selection intensity expected along the

dam
 to son path, if m

any m
ore bulls are considered as candidates a priori.  It can be argued

that this reduction is expected to be low
, because the 

proportion of cow
s selected as bull

dam
s w

ill be very low
 in any event.

6.7  Inclusion of m
arker inform

ation in "anim
al m

odel" genetic evaluations

M
ost studies that have evaluated M

A
S 

have generally assum
ed that the genom

e is first
scanned to locate chrom

osom
al regions containing Q

T
L

.  U
sing additional m

arkers, the Q
T

L
are progressively localized to sm

aller and sm
aller chrom

osom
al regions, and finally the actual

genes are identified.  T
he identified Q

T
L

 are then used in selection program
 (Soller, 1994). 

Follow
ing this approach, or even localization of the 

Q
T

L
 to a very sm

all chrom
osom

al
segm

ent, recom
bination in future generations is no longer a problem

, but there is a significant
tim

e lag until Q
T

L
 are utilized in breeding program

s.
A

n alternative approach w
as presented by Fernando and 

G
rossm

an (1989).  T
heir

m
odel, discussed previously in C

hapter 2, estim
ates breeding values of all individuals in the

population including inform
ation from

 genetic m
arkers, but does not directly estim

ating the
Q

T
L

 effects.  Instead, they m
odified a standard individual anim

al m
odel so that in addition to

the polygenic effect of each individual, tw
o 

"gam
etic effects" are estim

ated for the tw
o

parental m
arker alleles or haplotypes pass to each individual for each locus.  R

ather than
representing specific Q

T
L

 alleles, these gam
etic effects include uncertainty w

ith respect to
the Q

T
L

 allele received.  Follow
ing the principles of selection index, selection based on the

estim
ated breeding values including m

arker inform
ation should result in m

axim
um

 genetic gain
in the next generation, even though Q

T
L

 inform
ation is incom

plete.
T

he original m
odel of Fernando and G

rossm
an (1989) could handle any population

structure, and could also include "nuisance" effects, such as herd or block, but considered only
a single m

arker and a linked Q
T

L
, and assum

ed that the variance contributed by the Q
T

L
 and

recom
bination frequency betw

een the Q
T

L
 and the genetic m

arker w
ere know

n.  T
hey also

assum
ed that all individuals in the population w

ere genotyped.  W
eller and Fernando (1991)

presented form
ula to estim

ate these param
eters via restricted m

axim
um

 likelihood (R
E

M
L

). 
G

oddard (1992) extended this m
odel to consider m

ultiple m
arkers and Q

T
L

.  V
an A

rendonk
et al. (1994) used R

E
M

L
 to estim

ate Q
T

L
 variance and recom

bination frequency, but found
that these param

eters are confounded for a single m
arker in a granddaughter design.  T

hey also
presented m

ethods to incorporate inform
ation from

 anim
als that w

ere not genotyped.

6.8 L
ong-term

 considerations, M
A

S vs. selection index



A
lthough m

ost studies have looked at the gain obtained by a single generation of M
A

S a few
studies have also looked at the expected long-term

 effects of M
A

S.  Since the effect of long
term

 selection cannot be solved analytically, all of these studies are based on sim
ulation, and

the m
odel used becom

es critical.  E
ven though L

ande and T
hom

pson (1991) m
aintain that

new
 additive genetic variance arises by m

utation at a rate on the order of 10
-3 tim

es the
environm

ental variance per generation, all of these studies have assum
ed that no new

 genetic
variance is generated during the course of the breeding program

.
Z

hang and Sm
ith (1992, 1993) and de K

oning and W
eller (1994) both sim

ulated long-
term

 selection for a single trait.  Z
hang and Sm

ith (1992) assum
ed that all the genetic variance

w
as due to 100 Q

T
L

, w
hile de K

oning and W
eller (1994) assum

ed that all the genetic variance
w

as due to 10 Q
T

L
.  B

oth studies com
pared M

A
S to trait based selection index.  Z

hang and
Sm

ith assum
ed that the population w

as genotyped for 100 m
arkers covering a genom

e of 2
M

organs, w
hile de K

oning and W
eller (1994) assum

ed that genotypes for the ten Q
T

L
 w

ere
know

n w
ithout error in the M

A
S schem

e.  Z
hang and Sm

ith (1992) 
found 

that 
M

A
S

com
bined w

ith selection index based on relative inform
ation alw

ays resulted in greater genetic
gain than conventional selection index, although differences w

ere slight.  Sim
ilar results w

ere
found by de K

oning and W
eller (1994) for high heritability traits.  For low

 heritability traits
the advantage of M

A
S 

w
as greater.  T

he difference betw
een selection index 

and 
M

A
S

decreased over tim
e, but even after ten generations, the relative efficiency of M

A
S to selection

index w
ith heritability of 0.2 w

as 1.24.
G

ibson (1994) em
ployed a infinitesim

al m
odel for genetic variance, excluding a single

segregating Q
T

L
.  H

e 
found 

that 
genetic 

response 
w

as 
greater 

via 
M

A
S 

in 
the 

early
generations, but alw

ays greater for traditional selection index in subsequent generations.  T
he

apparent explanation is that genetic variance w
ith M

A
S is reduced relative to selection index

in the early generations, w
hich results in less genetic gain in later generations.  A

lthough this
m

odel assum
es an infinite num

ber of loci affecting the 
quantitative trait, genetic variance is

reduced due to inbreeding, fixation is obtained for the segregating Q
T

L
, and 

no additional
genetic variance is generated during the course of selection. 

6.9  M
A

S for a m
ultitrait breeding objective

de K
oning and W

eller (1994) com
pared selection on know

n loci affecting quantitative traits to
phenotypic selection index for a single and a tw

o-trait selection objective.  T
w

o 
situations

w
ere sim

ulated; a single know
n quantitative locus, and 10 identified loci accounting for all the

additive genetic variance.  Selection efficiency of m
arker-assisted selection (M

A
S), relative to

trait-based selection w
as higher for tw

o-trait selection, as com
pared to single trait selection. 

R
esults are presented in T

able 6.1.  T
he advantage of M

A
S w

as greater w
hen the traits w

ere
negatively correlated.  R

elative efficiency for a single loci responsible for 0.1 of the genetic
variance w

as 
1.11 w

ith heritabilities of 0.45 and 
0.2, and zero genetic 

and 
phenotypic

correlations betw
een the traits.  R

E
 of M

A
S for ten know

n loci w
as 

1.3 to 1.8 in the first
three generations of selection, but declined in each subsequent generation.  A

llele fixation for
M

A
S w

as obtained for all 
loci after 10 generations.  R

esponse 
to 

trait-based 
selection

continued through generation 15, and approached the response obtained w
ith M

A
S after ten

generations.  T
he cum

ulative genetic response by M
A

S w
as only 80%

 of the econom
ically

optim
um

 genotype, because the less favorable allele reached fixation for som
e loci, generally

those w
ith effects in opposite directions on the tw

o traits.

T
able 6.1  R

elative efficiency of M
A

S w
ith all Q

T
L

 know
n for 

a tw
o trait or sin

gle
trait selection objective, relative to trait-based selection.   T

he genetic correlation w
as

 -0.4, the environm
ental correlation w

as 
0, and heritability 

of the tw
o traits w

ere
equal, for the tw

o-trait sim
ulations.  R

esults are the m
eans of 10 replicates.

---------------------------------------------------------------------------------
      T

w
o traits          

      Single trait
G

eneration   Ä
Ä

 heritability Ä
Ä

 
        Ä

Ä
 heritability Ä

Ä
 0.05

 0.20
 0.40

 0.05
 0.20

 0.40
---------------------------------------------------------------------------------
    1

   -
  -

   -
   -

   -
   -

    2
 5.10

 2.55
 1.95

 4.10
 2.16

 1.55  
    3

 4.50
 2.40

 1.82
 3.84

 2.03
 1.57  

    4
 4.15

 2.08
 1.67

 3.52
 1.98

 1.50  
    5

 3.58
 1.87

 1.46
 3.27

 1.91
 1.47  

    6
 3.14

 1.63
 1.32

 3.08
 1.78

 1.41  
    7

 2.71
 1.45

 1.23
 2.85

 1.62
 1.37  

    8
 2.42

 1.36
 1.18

 2.71
 1.48

 1.30  
    9

 2.21
 1.29

 1.15
 2.50

 1.35
 1.23  

   10
 2.02

 1.25
 1.13

 2.27
 1.24

 1.16  
---------------------------------------------------------------------------------

6.10  V
elogenetics - the synergistic use of M

A
S and germ

-line m
anipulation

In future breeding program
s, M

A
S w

ill probably be com
bined together w

ith other new
technologies affecting reproduction, such as em

bryo transplant, sexed sem
en and cloning. 

G
eorges and M

assey (1991) considered the possibility of com
bination of M

A
S 

w
ith germ

-
line m

anipulation.  A
lthough spontaneous oocyte m

aturation and ovulation do not begin until
puberty, for cattle this is at the age of close to one year, w

aves of oocyte grow
th are seen

even in utero.  A
ctivation of prim

ordial follicles starts at 140 days of gestation.  G
eorges and

M
assey 

(1991) 
considered 

the 
theoretical 

possibility 
to 

grow
, 

m
ature 

and 
fertilize

prepubertal oocytes in vitro.  T
his procedure could reduce the generation interval of cattle to

m
aybe as little as 3 to 6 m

onths, as com
pared to the norm

al biological m
inim

um
 of tw

o years.
 B

y using in-vitro fertilization of fetal oocytes 
by 

selected, progeny-tested sires, annual
responses in m

ilk yield could be doubled com
pared to conventional progeny testing.  T

hey
term

 this procedure "velogenetics", and propose the follow
ing breeding schem

e.

1.  Selection of "bull grandam
s" based on records and genetic m

arkers.



2.  Selection of fetal "bull dam
s" based on genetic m

arkers.
3.  In-vitro fertilization of fetal oocytes w

ith sem
en of elite sires, selected by breeding values

based on records of fem
ale relatives and genetic m

arkers.
4.  Selection am

ong juvenile m
ale calves based on genetic m

arkers.
5.  Selected young sires at age of 1-2 yr are m

ated to cow
s of com

m
ercial population.

Step 3 of this protocol is not possible at present, but until very recently, it w
as generally

considered im
possible to clone m

ature m
am

m
als.

6.11  Sum
m

ary

A
gain w

e m
ust em

phasis that a little bit of genetic gain can 
have a hugh econom

ic value. 
T

hus, relatively large costs in genotyping can be justified to increase rates of genetic gain b
y

only a few
 percent.  It is not possible to consider w

ithin a single chapter all scenarios for
M

A
S, and radically different results can be obtained depending on the breeding schem

e and
the assum

ptions em
ployed.  T

here does seem
 to be a consensus em

erging that application of
M

A
S 

could 
result 

in 
rather 

significant 
genetic 

gains, 
at 

least 
for 

several 
generations. 

C
onsideration of ten or m

ore generations does not seem
 very relevant since profit horizons

are at m
ost 20 years, and breeding objectives tend to change over tim

e anyw
ay.  In addition,

w
ith norm

al rates of spontaneous m
utation, it does not appear that fixation of desirable alleles

after a few
 generation of M

A
S is a serious problem

.
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