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ABSTRACT
An approach to the optimal utilization of marker and pedigree information in minimizing the rates of

inbreeding and genetic drift at the average locus of the genome (not just the marked loci) in a small
diploid population is proposed, and its efficiency is investigated by stochastic simulations. The approach
is based on estimating the expected pedigree of each chromosome by using marker and individual
pedigree information and minimizing the average coancestry of selected chromosomes by quadratic integer
programming. It is shown that the approach is much more effective and much less computer demanding
in implementation than previous ones. For pigs with 10 offspring per mother genotyped for two markers
(each with four alleles at equal initial frequency) per chromosome of 100 cM, the approach can increase
the average effective size for the whole genome by z40 and 55% if mating ratios (the number of females
mated with a male) are 3 and 12, respectively, compared with the corresponding values obtained by
optimizing between-family selection using pedigree information only. The efficiency of the marker-assisted
selection method increases with increasing amount of marker information (number of markers per
chromosome, heterozygosity per marker) and family size, but decreases with increasing genome size. For
less prolific species, the approach is still effective if the mating ratio is large so that a high marker-assisted
selection pressure on the rarer sex can be maintained.

Amajor genetic problem in maintaining small popu- 2N, except for mating schemes involving a higher than
random probability of matings between close relativeslations under captive breeding is the inescapable

accumulation of inbreeding and genetic drift over gen- [e.g., population subdivision (Robertson 1964; Wang
and Caballero 1999) or circular pair mating (Kimuraerations, which puts them in jeopardy of immediate

extinction due to inbreeding depression and also risks and Crow 1963) in a single population], which are
impractical for conservation populations because of thetheir survival in the long run due to the depletion of

genetic variation and loss of evolutionary potential threat of inbreeding depression (Frankham 1995).
The traditional method described above for making(Frankham 1995; Lacy 1997). Minimizing inbreeding

and genetic drift is, therefore, a fundamental task in the selection decisions to minimize inbreeding utilizes only
pedigree information, which describes the expected rela-genetic management of small conserved populations.
tionship among individuals. With the same pedigree,Traditionally, the most effective method to minimize
however, individuals of diploid species still vary greatlyinbreeding and drift is to equalize the contribution of
in their genetic makeup or in the realized genetic rela-offspring from all potential ancestors, realized generally
tionship among them. In this respect, genetic markersby selecting the breeding individuals with the smallest
are very useful for inferring the realized genetic relation-average coancestry among them at each generation
ship and could be potentially utilized in increasing Ne(Ballou and Lacy 1995; Lacy 1995; Caballero and
of small populations. For using marker information toToro 2000). In the ideal situation of equal contribution
increase Ne, several approaches such as frequency-among parents mated at random at each generation,
dependent selection and selection for heterozygosity atthe effective population size (Ne) is maximized to z2N,
marker loci have been proposed (e.g., Chevalet andwhere N is the actual size of a monoecious population
Rochambeau 1986), and their effectiveness on decreas-or a dioecious population with equal numbers of males
ing inbreeding and genetic drift has been compared inand females (Crow and Kimura 1970; Caballero
a simulation study (Toro et al. 1998). Their efficiency1994). Therefore, minimum coancestry or equal contri-
is, however, rather limited because the marker informa-bution of parents is widely recommended in conserva-
tion is not fully utilized (Wang and Hill 2000).tion practice (Ballou and Lacy 1995; Frankham 1995).

For a better utilization of genetic markers to increaseFor a diploid species, Ne cannot be increased above
Ne, Wang and Hill (2000) proposed a method aimed
at minimizing the variation in genetic contribution be-
tween paternally and maternally derived genes withinAddress for correspondence: Institute of Zoology, Regent’s Park, Lon-

don NW1 4RY, United Kingdom. E-mail: jinliang.wang@ioz.ac.uk individuals under a given between-family selection
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scheme. The idea is that inbreeding and genetic drift scent are not distinguished, while alleles are used to refer
to different allelic variants at a locus in the population.for a diploid population come from the variation in

contribution both among individuals and between the One marker locus per chromosome: Let us consider
a diploid population consisting of N1 males and N2 fe-two homologous genes at a locus within individuals. The

first can be minimized by equalizing family size, while males, each male being mated randomly with N2/N1

females (called mating ratio and denoted by r hereafter)the second can be controlled by using marker informa-
tion to select, from within a family, the offspring that at each discrete generation. Each mating is assumed to

give n offspring of each sex that are marker-genotypedhave the minimum average probability of identity by
descent (PIBD; Wang and Hill 2000). This marker- for selection. There are at least two codominant alleles

segregating in the population at a single marker locusassisted selection (MAS) method is simple in implemen-
tation and effective compared with previous marker- on each chromosome of the genome. The problem is
based approaches. It has, however, two limitations. First, to select, from the 2nT 5 2nN2 offspring available with
it optimizes within-family selection on markers indepen- known marker and pedigree information, N1 males and
dently of between-family selection on pedigree. Though N2 females with the minimum average coancestry among
the latter and former can be optimized by minimizing them as the next generation. This is accomplished by
the average coancestry among the selected offspring the following procedures.
on the basis of pedigree information and by minimizing

1. Determine the origin of an offspring homologue.the average PIBD among selected offspring within fami-
Consider a single chromosome in the genome. Thelies on the basis of marker information, respectively,
two homologues in an offspring, denoted as A andthe separate operations do not guarantee a globally
A*, come from separate parents. We need to deter-optimized selection. Second, MAS is carried out sepa-
mine the probability that a gene taken at randomrately for each family, while the genetic relationship
from a particular homologue (say, A) comes fromamong families is ignored in this MAS method. These
homologue i (i 5 1 or 2) in parent s (s 5 1 or 2 forlimitations are partially removed in Toro et al.’s (1999)
father or mother) using marker information.method aimed at minimizing the average coancestry of
1.1. Ascertain the parental origin of the marker geneselected individuals conditional on marker information.

on offspring homologue A. Denote the gene atThe implementation of their method, however, has to
a marker locus on homologue A as A and theresort to the Monte Carlo Markov chain approach, and
gene on the other homologue as A* in the off-therefore has high computational demands and may
spring. If both marker genes A and A* can benot yield the optimal solution (Toro et al. 1999).
found in each parent, then marker A comesIn this article, I propose a simple method that opti-
equally frequently from paternal or maternalmizes the use of marker and pedigree information si-
origin. The probability that marker A in themultaneously to minimize inbreeding and genetic drift
offspring originates from parent s, PA,s, is there-in a small population. Given such marker and pedigree
fore 1⁄2. If either marker A is found in parent sinformation, the average (realized) coancestry for all
only, or A* in parent s* only (s ? s* 5 1 or 2loci between two diploid genomes can be estimated
for father or mother), then marker A comesand then used to choose individuals that result in the
from parent s with probability 1, PA,s 5 1.minimum average (realized) coancestry among them by

1.2. Determine the probability that marker A comesa standard quadratic integer programming technique.
from homologue i in parent s, QA,is, conditionalNumerical examples show that the proposed method is
on marker A coming from this parent. If markerpowerful in decreasing inbreeding and genetic drift,
A is identical to both marker genes in parent s,and also efficient in implementation compared with
then QA,is 5 1⁄2 (i 5 1, 2). If marker A is identicalprevious methods.
to the marker on homologue i only, then QA,is 5
1 and QA,i*s 5 0 (i ? i* 5 1, 2).

THEORY AND METHOD 1.3. Determine the probability that marker A comes
from homologue i in parent s. This probabilityFirst, the average realized coancestry between two
is the product of probabilities P and Q, RA,is 5homologous chromosomes given their respective
QA,isPA,s.marker genotypes and pedigrees is computed. Second,

1.4. Determine the average probability that genes atthe mean coancestry between any two diploid genomes
all loci on offspring homologue A come fromis obtained by averaging over chromosomes and is used
homologue i in parent s, RA,is. Consider the genein minimizing the average coancestry among all selected
at a locus situated x morgans away from theindividuals by integer programming. I consider the sim-
marker locus on homologue A. The probabili-plest case of one marker locus per chromosome in detail
ties that the gene and marker A have not andand then extend the treatment to two and more marker
have recombined during transmission are yx 5loci per chromosome. Throughout this article, genes are

used when their identities in state or identities by de- 1⁄2(1 1 e22x) and 1 2 yx, respectively, assuming
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Haldane’s mapping function. Assuming that coancestry over the four possible pairs of homo-
logues (one from each offspring),loci are distributed uniformly along the chromo-

some and integrating yx over intervals 0–L1 and
gj,j9 5 1⁄4o2

A51o2
A951GAj,A9j9 ( j ? j9), (5)0–L2 (Wang and Hill 2000) gives the average

probability that the marker locus and the other where subscript Aj (A9j9) refers to homologue A (A9)
loci have not recombined, y, as in offspring j ( j9). The self-coancestry of offspring j is

y 5 1⁄2 1 (2 2 e22L1 2 e22L2)/(4L), (1) gj,j 5 1⁄2(1 1 G1j,2j). (6)

where L1 and L2 are the distances from the The coancestry between the two whole diploid ge-
marker locus to the two ends of the chromo- nomes j and j9, gj,j9, is obtained by averaging gj,j9 over
some with total length L 5 L1 1 L2. The probabil- chromosomes in the genome weighted by their
ity that a random gene on offspring homologue lengths.
A comes from homologue i in parent s is simply

4. Select the offspring with the minimum averagethe weighted average
coancestry among them. From the 2nT offspring, N1

RA,is 5 yRA,is 1 (1 2 y)RA,i*s (i ? i* 5 1, 2) males and N2 females should be selected so that the
average coancestry among them, including recipro-

5 yRA,is 1 (1 2 y)(PA,s 2 RA,is). (2)
cal and self-coancestries, is minimized (Caballero

The equation is derived noting that RA,i*s 5 (1 2 and Toro 2000). Denoting the average coancestry
QA,is)PA,s 5 PA,s 2 RA,is (see step 1.3 above). between offspring j of sex s and j9 of sex s9 as gjs,j9s9,

the optimization is realized by minimizing the func-
2. Determine the average coancestry between two off- tion

spring homologues. For a homologue (say A9) in
another offspring, we can determine similarly the

u 5
1
4o

2

s51
o
2

s951
1 1
NsNs9

o
nT

j51
o
nT

j951

ujsuj9s9gjs,j9s92 (7)probability that it comes from homologue i9 (i9 5 1
or 2) in parent s9 (s9 5 1 or 2 for father or mother),

subject to the restrictionRA9,i9s9. Denoting the average coancestry between ho-
mologues i (in parent s for offspring homologue A) onT

j51ujs 5 Ns (s 5 1 or 2), (8)
and i9 (in parent s9 for offspring homologue A9) as
Gis,i9s9, the coancestry between offspring homologues where indicator variable ujs 5 1 or 0 if offspring j of
A and A9 is sex s is selected or not. Equations 7 and 8 can be

solved by integer quadratic programming, or by sim-
GA,A9 5 o2

s51o2
s951o2

i51o2
i951RA,isRA9,i9s9Gis,i9s9. (3) ulated annealing methods (Press et al. 1992). The

problem can also be transformed into and solved byThe self-coancestry of any homologue, such as A, is
an integer linear programming technique (Fernán-always 1, GA,A ; 1. The coancestry between different
dez and Toro 1999).homologues within an offspring is calculated as

When marker information is not available, the aboveGA,A9 5 o2
s51o2

s9?s51o2
i51o2

i951RA,isRA9,i9s9Gis,i9s9/PA,s

marker-assisted selection procedure reduces to the
(PA,s ? 0). (4) method of selection based on minimizing the average

coancestry of selected offspring calculated from pedi-Equation 4 is derived as follows. The two homologues
gree information only (Ballou and Lacy 1995; Lacywithin an offspring always come from separate par-
1995). This is obvious because when marker genotypesents. The probability that homologues A and A9 in
are unknown or uninformative (say, the marker is fixedthe offspring originate from the parents of sexes s
in the population) then we always have RA,is 5 1⁄4 fromand s9 (s ? s9 5 1 or 2), respectively, is PA,s or PA9,s9
the derivation of (2). From (3–5), it is clear that the(PA9,s9 ; PA,s) as calculated in step 1.1. Given PA,s, the
coancestry between any two offspring is the average overprobability that A is from homologue i in parent s
the four pairs of parents, as expected. Therefore, theis RA,is/PA,s, and the probability that A9 is from homo-
MAS procedure described above also applies to opti-logue i9 in parent s9 is RA9,i9s9/PA9,s9. The average coan-
mized between-family selection using pedigree informa-cestry between homologues A and A9 is then
tion only. For the application of MAS in practice, miss-
ing marker genotypes for an individual or for someGA,A9 5 o2

s51o2
s9?s513PA,so2

i51o2
i9511RA,is

PA,s

RA9,i9s9

PA9,s9

Gis,i9s924.
chromosomes within an individual can be dealt with
similarly.Since PA9,s9 ; PA,s, the above expression reduces to (4).

Two marker loci per chromosome: The amount of
marker information for, and its relevance to, MAS are3. Determine the average coancestry between two off-

spring. Consider two offspring j and j9. Their coances- increased by using more than one marker locus per
chromosome. With two or more marker loci per chro-try, for the chromosome in question, is the average
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mosome, however, additional difficulty comes with de- can be calculated easily by comparing the marker
genotypes and linkage phases of the parents andtermining the linkage phase. In the following, I outline

the procedure for the use of two marker loci per chro- the offspring. Consider the following parental and
offspring haplotypes for two markers G and H asmosome in MAS to minimize the average coancestry

among selected individuals. an example: GH/gh for the father, Gh/gH for the
mother, and GH/Gh for the offspring. If the offspring

1. Determine haploid marker types (linkage phases). homologue with marker alleles G and H on it is
Consider a single chromosome. If an individual is denoted as A, then obviously PA,1(AA*) 5 1⁄4(1 2 c)2,
not a double heterozygote for the markers on the PA,2(AA*) 5 1⁄4c 2, and PA,1 5 (1 2 c)2/(1 2 2c 1
chromosome in question, its haploid marker geno- 2c 2), where c is the recombination fraction between
types are straightforward. Otherwise, its linkage marker loci G and H.
phase needs to be determined. 3. Determine the average probability that genes at all

For a double heterozygous parent, the prior proba- loci on homologue A of the offspring come from
bility (b) of each linkage phase is known. At genera- haploid i (5 1 or 2) in parent s, QA,is, given PA,s. The
tion 0, it is reasonable to assume that the two linkage following four cases are possible.
phases are equally probable and bk 5 0.5 (k 5 1 or If both markers on homologue A are identical with
2 for coupling or repulsion). At later generations, bk those on each haploid of the parent, then obviously
for an individual can be determined from its parental

QA,is 5 0.5. (9)genotypes (see below). Given the offspring genotypes
and the priors, the posterior probability (φk) of link- If the marker at locus M (5 1 or 2 for left or right
age phase k can be obtained by Bayes’s theorem. The marker locus) is identical only with that on haploid
linkage phase with the larger φk value is accepted i of the parent, and the marker at locus M* (? M 5
for the parent. In programming, these operations to 1, 2) is identical with both marker genes in the par-
determine linkage phases are facilitated by assigning ent, then it can be derived, using a procedure similar
a specific value to each marker allele and each to the single marker case, that
marker genotype. Although the power of this proce-

QA,is 5 1⁄2 1 (2 2 e22LM 2 e22(L2LM))/(4L), (10)dure to infer linkage phases decreases with the de-
cline in the number of offspring per parent, it seems

where LM is the distance between the left marker andto work well because the MAS efficiency is satisfactory
the left end (if M 5 1) or the right marker and the(compared with a single marker locus; see results in
right end (if M 5 2) of the chromosome.Table 1) even with only two offspring per mother

If both markers on homologue A are identical only(unequal sex ratio) being available for selection.
with those on haploid i in parent s, thenFor a double heterozygous offspring, the probabili-

ties of the two linkage phases (bk) are easily deter- QA,is 5 1⁄2 1 1/[L(1 1 e22L3)] 2 (e22L1 1 e22L2)/(4L),
mined given its parental genotypes and linkage (11)
phases. For example, the probabilities of linkage

where L3 is the distance between the markers andphases GH/gh and Gh/gH for an offspring with geno-
L 5 L1 1 L2 1 L3.type GgHh from parents GH/gh and GH/Gh are 1 2

If markers at loci M and M* (M ? M* 5 1, 2)c and c, respectively, where c is the recombination
on homologue A are identical only with those onfraction between marker loci G and H. These proba-
haploids i and i* (i ? i* 5 1, 2) in parent s, respec-bilities are priors in calculating φk in the next genera-
tively, thention if the offspring is selected as a parent.

2. Determine the origins of the homologues in an off- QA,is 5 1⁄2 1 (e22LM* 2 e22LM)/(4L). (12)
spring. Consider homologues denoted by A and A*

For all the above cases, we always have thatof an offspring. If one or both marker genes on
homologue A are found only in parent s (5 1 or 2 QA,i*s 5 1 2 QA,is (i ? i* 5 1, 2). (13)
for father or mother), or alternatively one or both

The probability that a gene taken at random onmarker genes on homologue A* are found only in
homologue A comes from haploid i in the parent ofparent s* (s* ? s 5 1, 2), then homologue A comes
sex s isfrom parent s with probability 1, PA,s 5 1. Otherwise,

homologue A could come from either parent. The
RA,is 5 PA,sQA,is. (14)

probability that it comes from parent s can be calcu-
lated, by using Bayes’s theorem, as PA,s 5 PA,s(AA*)/ 4. Calculate the average coancestry between homo-
[PA,s(AA*) 1 PA,s*(AA*)], where PA,s(AA*) is the prob- logues of the same or different offspring using RA,is

ability of obtaining homologues A and A* in the and the same formula described in the single-marker
offspring given that they originate from parents s and case. For a double-heterozygous offspring, two link-

age phases need to be considered separately usings*, respectively. Probabilities PA,s(AA*) and PA,s(AA*)
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procedures 2 and 3. Therefore, 4, 8, or 16 possible r 5 6 or 12. Each chromosome was assumed to be 100
cM in map length, and each marker locus was assumedpairs of homologues (one from each offspring) need

to be considered and the corresponding average to have four codominant alleles at equal initial fre-
quency. Each female had an equal number of offspringcoancestries calculated when none, one, or all of the

two offspring are double heterozygotes for markers (half of each sex) genotyped for selection. For a set of
parameters, 100 replicates were run.on the chromosome in question.

5. Determine the average coancestry between two off- When a single-marker locus, situated at the center
of a chromosome, was used for MAS, the increases inspring. For an offspring double heterozygous for the

markers on a chromosome, its coancestry with an- harmonic mean effective size are as shown in Table 1
(columns 2–6) for different mating ratios, numbers ofother one is calculated separately for each linkage

phase. The average weighted by the probabilities (bk) chromosomes, and family sizes (half of each sex). For
equal numbers of males and females, the efficiency ofof the two linkage phases is used in calculating the

average coancestry between two diploid genomes, the present method is similar to that of Wang and Hill
(2000), which considers between- and within-family se-which is used in the mathematical programming

aimed at minimizing the average coancestry of se- lections separately, noting in the comparison that the
sexes of the offspring selected from within a family arelected individuals shown in the single-marker case.
and are not restricted in the previous and the present

Many marker loci per chromosome: Three or more methods, respectively. This is expected because, for the
marker loci per chromosome can be treated similarly case of equal numbers of the two sexes, the genetic
to the two-marker case shown above. With an increasing contributions are well balanced among parents and
number of marker loci per chromosome, the formula- MAS does not affect the optimized between-family selec-
tions become inevitably more complicated, but the extra tion that results in two selected offspring per family.
efficiency diminishes because the restricting factor to When the numbers of the two sexes are different,
MAS efficiency is usually the number of genotyped off- an imbalance in genetic contribution among parents
spring per parent in practice. is introduced each generation. For example, a female

As the number of informative marker loci increases, parent whose son is selected contributes more geneti-
the parental origin of each homologue can be inferred cally than a female parent whose daughter is selected.
with increasing confidence. In the limit, the identity for The imbalance in genetic contribution among parents
every bit of a homologue can be deduced from marker can be minimized at each generation by using marker
information. The MAS efficiency is constrained, there- and pedigree information simultaneously in the present
fore, only by the number of marker-genotyped offspring approach. Its efficiency, therefore, is much higher than
available for selection. This extreme case is considered our previous approach. When eight offspring (half of
in the simulations described below assuming that the each sex) from each mother are genotyped for a single
origin of each chromosome is completely known. marker (four alleles at equal frequency) per chromo-

some in a haploid genome of 20 chromosomes (of 1 M
each), for example, the average Ne can be increased

SIMULATION RESULTS
by z28, 31, and 35% for mating ratios 3, 6, and 12,
respectively, by the present method, while the corre-The efficiency in increasing Ne of the marker-assisted

selection method developed above was investigated by sponding increases are about 10, 9, and 8% by the previ-
ous method (Wang and Hill 2000, Table 2).stochastic simulations and compared with that of previ-

ous methods. A total of 174 loci, each with two alleles In comparing the efficiencies, we should note that
the reference selection schemes are different betweenof equal initial frequency, equally spaced on each chro-

mosome were simulated and the realized (harmonic) the two approaches. The reference scheme in the pres-
ent approach is optimized between-family selection us-mean effective size was calculated from both the de-

crease in heterozygosity, averaged over loci and repli- ing pedigree information, which is superior to the refer-
ence selection scheme of Gowe et al. (1959) used incate runs, and the increase in the variance of allele

frequency among replicate runs, averaged over loci, be- our previous approach. Compared with Gowe et al.’s
scheme, optimized between-family selection results intween generations 5 and 20. The two methods yielded

essentially the same results, which were averaged as the an increase in Ne of z13–19% depending on mating
ratios (data not shown), which is similar in performancerealized mean effective size. The efficiency of MAS was

expressed as percentage increase in realized mean effec- to the selection scheme combined with group mating
proposed by Wang (1997). It is obvious that the presenttive size relative to the corresponding value without

MAS, which was obtained by the same procedure but approach is even better than indicated by the direct
comparison of Table 1 herein and Table 2 in Wang andusing pedigree information only. The simulated popula-

tion consisted either of five breeding males and 5r Hill (2000) if the difference between the two reference
selection schemes is taken into account.breeding females when the mating ratio r 5 1 or 3, or

of three breeding males and 3r breeding females when The MAS efficiency increases with increasing mating
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TABLE 1

Percentage increase in effective size by MAS

No. of markers per chromosomeb/No. of chromosomes per haploid genome
Family
sizea 1/1 1/5 1/10 1/20 1/30 2/1 2/5 2/10 2/20 2/30 m/1 m/5 m/10 m/20 m/30

r 5 1 (Nep 5 19.0)c

4 34 21 15 13 9 56 30 24 16 12 109 47 33 25 19
8 47 34 26 19 16 105 54 37 27 22 321 87 58 44 33

16 51 44 33 23 19 115 67 49 34 30 918 136 81 59 46
32 50 45 38 30 23 121 84 57 42 33 1425 181 108 68 55

r 5 3 (Nep 5 26.6)
2 30 9 5 2 1 45 15 7 5 3 72 27 20 9 6
4 42 35 23 20 17 81 47 32 23 18 244 77 55 33 29
8 65 40 30 28 20 108 59 44 34 28 571 107 75 56 44

16 64 45 37 31 27 122 71 56 42 34 968 148 96 66 54
32 65 47 41 34 30 136 86 64 46 40 1665 182 114 82 64

r 5 6 (Nep 5 16.7)
2 41 17 10 6 5 65 25 18 10 7 120 45 28 20 15
4 74 43 33 22 17 114 55 40 25 20 289 102 63 44 32
8 75 49 41 31 25 143 78 54 37 29 696 141 93 63 48

16 73 58 45 32 29 143 89 68 47 37 1217 166 121 75 56
32 73 63 50 36 30 140 102 81 57 44 2328 211 140 90 72

r 5 12 (Nep 5 16.8)
2 70 32 23 16 14 95 46 31 25 19 182 69 45 34 26
4 109 55 36 27 20 159 76 54 37 31 396 125 83 55 45
8 111 71 49 35 28 199 106 73 50 39 897 182 116 75 60

16 106 81 60 43 36 193 132 91 61 50 1501 230 144 93 70
32 108 90 69 48 38 193 151 104 72 56 3219 259 175 109 82

a Number of offspring (half of each sex) genotyped for MAS per female parent.
b One (situated at the center), two [left (right) marker situated 1⁄3 M from the left (right) end of the chromosome], or many

(denoted as m) markers on a chromosome of 1 M are used in MAS. Each marker has four codominant alleles with equal initial
frequency.

c The simulated population consists of five males and 5r females when mating ratio is 1 or 3, or three males and 3r females
when mating ratio is 6 or 12. Using pedigree information only, this method can optimize between-family selection, and the
effective size obtained is denoted as Nep. MAS efficiency is expressed as the percentage increase over the corresponding Nep value.

ratio. This is because a larger mating ratio results in marker loci per chromosome generally increases MAS
efficiency, and the increase is greatest when the numbera higher degree of imbalance in genetic contribution

among parents and also a larger paternal family size for of chromosomes is small and family size is large, where
the restricting factor for MAS efficiency is the amounta given maternal family size. Both factors tend to in-

crease the efficiency of MAS. When the mating ratio is of marker information and its relevance to all loci over
the whole chromosome.greater than one, MAS even with two genotyped off-

spring per mother is still effective, and the efficiency Compared with our previous method, use of two
markers per chromosome in the present method in-increases rapidly with increasing mating ratios (Table

1). This relationship between mating ratio and MAS creases the effective size enormously, especially when
mating ratio is high. This is because with an increasingefficiency for the present method is in contrast to that

for our previous one, where MAS efficiency decreases mating ratio, the variation in genetic contribution
among families that is ignored in the previous MASwith increasing mating ratio because the within-family

variation in genetic contribution on which MAS acts method becomes increasingly important compared with
within-family variation in determining the inbreedingbecomes less important compared with between-family

variation. and drift processes.
Other issues related to the use of two marker loci perThe simulation results for the efficiency of MAS with

two marker loci per chromosome, the left (right) locus chromosome, such as marker location and chromosome
length, have been considered by Wang and Hill (2000)being situated one-third morgan to the left (right) end

of the chromosome, are listed in Table 1 (columns and the results apply also to the present method.
Columns 12–16 in Table 1 show the MAS efficiency7–11). Compared with a single marker, use of two
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when the identity of each chromosome is completely comparison between the two approaches in a single
simulation study would be helpful.known, which is realized in practice by using many infor-

mative markers per chromosome. As is clear, full knowl- In the context of animal breeding, the probability of
descent for a QTL allele (PDQ) conditional on linkededge of chromosome origins increases MAS efficiency
marker information has been used to compute the con-enormously compared with the one- or two-marker case,
ditional covariance of additive effects of the QTL allelesespecially when family size is large. The number of mark-
within and between individuals for the purpose of in-ers required to infer unambiguously the chromosome
creasing the response to selection for a quantitative traitidentity varies depending on the recombination fre-
(Fernando and Grossman 1989; Wang et al. 1995).quency of the chromosome. With no recombination
PDQ is similar to the conditional PIBD of alleles at an(e.g., males in Drosophila), for example, one informa-
unknown locus linked to a marker, which is used in thetive marker per chromosome is enough.
present work to obtain (by integration) the averageIn Table 1, I considered populations consisting of
PIBDs between chromosomes and individuals. For mul-either 5 (if r 5 1 or 3) or 3 (if r 5 6 or 12) males. The
tiple-marker loci, the marker linkage phase and theabsolute population size, however, does not influence
parental origin of marker alleles were assumed to bemuch of the MAS efficiency if it is not very small. When
known for calculating PDQ (Goddard 1992), whiler 5 3 and 8 offspring per mother are genotyped for a
these are inferred from the marker information of par-single marker (with four alleles at equal frequency) per
ents and offspring in this article. The average PIBDchromosome (1 M) in a haploid genome of 20 chromo-
calculated herein also relates to the total allelic relation-somes, for example, the increases in Ne are z 28, 31, and
ship of Nejati-Javaremi et al. (1997). The present ap-30% for male numbers being 5, 10, and 20, respectively.
proach could be adapted in the application to increase
the short-term selection response by a more accurate
estimate of realized genetic relationship and thus a bet-DISCUSSION
ter estimate of breeding values and to maintain genetic

In this study, an approach to optimizing within- and variation and thus increase the long-term selection re-
between-family selections simultaneously by using sponse by constraining inbreeding to a certain low level
marker and pedigree information, and thus minimizing or rate.
the rate of inbreeding or genetic drift for a small diploid Although for convenience some simplified situations
population, was proposed and its efficiency was investi- were considered in the simulation, the approach applies
gated by simulations. The new approach actually esti- to a wide variety of complexities encountered in prac-
mates and records the expected pedigree of each chromo- tice. These issues (e.g., overlapping generations, nonran-
some by using marker and pedigree (for individuals) dom mating, unequal length of chromosomes, domi-
information, and the chromosome pedigree is then used in nant markers, and different numbers and frequencies
a formal way to minimize the average coancestry among of marker alleles) as well as the potential impact on
selected chromosomes by standard integer program- fitness and adaptation to captivity have been discussed
ming. The target of selection is chromosomes, while in our previous investigation (Wang and Hill 2000).
individuals are considered only as carriers of chromo- Throughout this article, I have assumed Haldane’s map-
somes and selection units. The approach is much more ping function. Any other mapping function (e.g., one
effective if the mating ratio is larger than one, compared that allows interference and is perhaps more realistic
with our previous MAS method that considered sepa- than Haldane’s mapping function) could be used with-
rately between-family selection on pedigree and within- out altering the general procedure and the results quali-
family selection on marker information (Wang and tatively. Equations 1 and 10–12, however, would have
Hill 2000). to be replaced by the appropriate integrals for averaging

It is also computationally simpler and more efficient across the whole chromosome.
compared with Toro et al.’s (1999) approach using the At present, the major obstacle to the practical applica-
Monte Carlo Markov chains method for calculating the tion of MAS seems to be that there are few species
selection criterion. Because of the computational inten- with the necessary information on markers and their
sity, they considered only a specific example: a pig popu- chromosomal distributions. Such information is, how-
lation with a family size of six, a mating ratio of three, ever, rapidly accumulating. It should be emphasized
and for a single chromosome of 100 cM. The increases that, with MAS, the effective size varies over loci, de-
in Ne of the specific population, calculated from the pending on the location relative to marker. Loci situated
rates of inbreeding listed in their Table 3, are z40 and close to markers have a much larger effective size than
70% when a single and two markers (each with four those far from markers. With the same (harmonic)
alleles) are used in the selection, respectively. In con- mean increase in Ne by MAS, therefore, it is better to
trast, the corresponding values are z51 and 102% if use many less informative markers scattered on a chro-
the present approach is used. It is not clear why the mosome rather than a single marker with high heterozy-

gosity.approach proposed herein is more efficient. A direct
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