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Abstract – A genome-wide scan was performed in Large White and French Landrace pig pop-
ulations in order to identify QTL affecting reproduction and production traits. The experiment
was based on a granddaughter design, including five Large White and three French Landrace
half-sib families identified in the French porcine national database. A total of 239 animals
(166 sons and 73 daughters of the eight male founders) distributed in eight families were geno-
typed for 144 microsatellite markers. The design included 51 262 animals recorded for produc-
tion traits, and 53 205 litter size records were considered. Three production and three reproduc-
tion traits were analysed: average backfat thickness (US_M) and live weight (LWGT) at the end
of the on-farm test, age of candidates adjusted at 100 kg live weight, total number of piglets
born per litter, and numbers of stillborn (STILLp) and born alive (LIVp) piglets per litter. Ten
QTL with medium to large effects were detected at a chromosome-wide significance level of
5% affecting traits US_M (on SSC2, SSC3 and SSC17), LWGT (on SSC4), STILLp (on SSC6,
SSC11 and SSC14) and LIVp (on SSC7, SSC16 and SSC18). The number of heterozygous
male founders varied from 1 to 3 depending on the QTL.

quantitative trait locus / pig / commercial population / production trait / reproduction
trait

1. INTRODUCTION

Three strategies have been applied in livestock for quantitative trait loci
(QTL) mapping. The first one, and by far the most widely used in pigs, is based
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on the use of experimental intercrosses between distant breeds, for example
Large White and Meishan [5], wild boar and Large White [1], or Berkshire
and Yorkshire [25]. This approach is powerful, since all F1 animals are ex-
pected to be heterozygous for many markers and many QTL. This approach
has resulted in mapping hundreds of loci in the pig over the last decade (see
PigQTLdb [17]). Nevertheless, the QTL detected using this strategy are es-
sentially those explaining differences in performance between breeds, and are
not necessarily the QTL segregating within commercial populations. Conse-
quently, the practical use of these results in pig breeding programs has been
limited so far.

A second strategy consists in creating family structures especially for re-
search purposes within commercial populations. Its main advantage is that any
mapped QTL should be more directly usable for marker assisted selection than
those resulting from experimental intercrosses. Yet, the probability of a com-
mercial population family founder being heterozygous for a QTL is expected to
be low, particularly for traits under selection. Thus a large number of families
is required to ensure a good power to detect them. This second approach has
been less popular in pigs than the use of crossbred designs. However, some ex-
periments have been successfully implemented in commercial pig populations
for QTL mapping [37, 39].

A third strategy for mapping QTL consists of exploiting existing family
structures in commercial populations where field data are routinely recorded
and large paternal half-sib families are produced when artificial insemina-
tion (AI) is widespread. In this case, provided that DNA is available for the
animals of interest, implementation of a long and expensive experimental de-
sign is not required. This approach has been widely and successfully used in
dairy cattle where AI results in bulls frequently having tens of sons each with
tens of daughters with phenotype records (e.g. [6]), but has seldom been used
in the pig (e.g. [13, 26]) where the diffusion of AI boars is lower and conse-
quently the sire families are smaller.

Yet, several favourable elements have made it possible to implement a QTL
detection program within the two main French pig populations, i.e. Large
White (LW) and Landrace (LR):

– widespread use in the nineties of hyperprolific boars by AI in maternal
breeds, resulting in the constitution of large paternal half-sib families;

– storage of phenotype and pedigree records in a national porcine database
used for genetic evaluation [35];

– creation of a porcine DNA bank, providing DNA samples for a large num-
ber of reproducers from the targeted families.
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Together these events have generated a set of data that resemble a granddaugh-
ter design. The eight largest paternal half-sib families available in the two pop-
ulations were selected for a genome-wide scan for QTL for production and
reproduction traits. This paper presents the design and methods used for this
detection, and reports the first results of this study.

2. MATERIAL AND METHODS

2.1. Animals and measurements

The experiment was based on a granddaughter design [41], involving in each
family a male founder (generation 1), his sons and daughters (generation 2,
referred to as “parents” below), and their sons and daughters (generation 3).

The national database was used to identify large LR and LW purebred half-
sib families. For each family, DNA samples from the male founder and parents
were taken from the national porcine DNA bank. When no DNA was avail-
able, blood samples of animals that were still alive were collected on farm
for DNA extraction. The design finally included 239 parents (166 males and
73 females) distributed in 8 half-sib families (5 in the LW female line and 3 in
the LR breed). Family size averaged 30 genotyped animals per male founder
(ranging from 15 to 62) for production traits, but was smaller for reproduction
traits (24 genotyped parents on average, ranging from 7 to 56). Within half-sib
families, parents had an average of 215 offspring with records for production
traits and 70 daughters with records on 3.9 litters for reproduction traits, with
large differences between families (Tab. I).

The power of the design as a function of the QTL substitution effect was
approximated using the approach described by van der Beek et al. [36], as-
suming a biallelic QTL with a heterozygosity of 50% located at 6.7 cM from
two flanking markers (average distance between two consecutive markers in
the present design). The results are given in Figure 1 for two traits with heri-
tabilities of 0.4 and 0.1, which correspond to average values for the production
and reproduction traits considered in the present study. For simplicity, we as-
sumed a design with eight sire families of equal size, with the same numbers
of genotyped parents and of recorded offspring as indicated above for either
production or reproduction traits. The power of the design appeared lower for
production traits than for reproduction traits (respectively, 0.31 and 0.70 for
example for a QTL with a 0.25 phenotypic standard deviation effect, i.e. that
explains 3% of the phenotypic variance), despite the family size for the latter
traits being smaller. Actually, the part of genetic variance explained by a QTL
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Table I. Characteristics of the eight families analysed for production and reproduction
traits.

Family Number of genotyped parents for Number of offspring with Number of daughters
production reproduction records for production traits with litter size recordsb

traits traits per genotyped parent per genotyped parent
sires dams sires dams mean minia maxi mean mini maxi

LW1 26 3 17 3 135 0 691 39 7 136
LW2 23 2 18 2 297 0 2310 97 6 718
LW3 19 3 15 3 307 0 1470 94 3 385
LW4 34 8 30 8 388 0 2401 121 1 736
LW5 3 12 3 12 191 29 1828 51 4 453
LR1 14 12 9 12 119 0 1278 46 2 377
LR2 16 2 5 2 107 0 1130 86 11 383
LR3 31 31 25 31 145 0 1122 43 1 318
Total 166 73 122 73 Total number of offspring Number of litter

with record: records considered:
51 262 53 205

LWi = ith Large White family; LRi = ith Landrace family; a sires and dams without recorded
offspring had one own record for production traits; b each daughter had on average 3.9 litter size
records.

of a given effect expressed in phenotypic standard deviation unit is higher for a
low heritability trait than for a high heritability trait. Consequently, the grand-
offspring phenotypes of a 3 generation design become less informative when
heritability increases, and the power decreases, as explained in [36].

The phenotypic traits analysed were those routinely collected for selection
purposes, i.e.:

– numbers of piglets born in total, born alive and stillborn per litter (TOTp,
LIVp and STILLp, respectively) recorded on purebred sows in selection
and multiplication herds;

– live weight (LWGT) and average backfat thickness (US_M = mean of six
ultrasonic measurements on each side of the spine, 4 cm from the mid-
dorsal line at the shoulder, last rib and hip joint) recorded at the end of the
on-farm test (at 148 days of age and 95 kg on average) on male and female
candidates in selection herds;

– age of animals at the end of the test adjusted to 100 kg (AGE100), using
the method and adjustment factors described by Jourdain et al. [19].

2.2. Markers and genotyping

A total of 558 microsatellites mapped on the USDA map [30] or on the
PIGMaP map [2] were analyzed on 7 of the 8 male founders. They presented
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Figure 1. Approximate power of the design for the detection of QTL for production
traits and reproduction traits, as a function of the QTL substitution effect. R_0.05 and
R_0.01 are, respectively, the power for a 0.1 heritability reproduction trait consider-
ing a 5% or a 1% type I error. P_0.05 and P_0.01 are, respectively, the power for a
0.4 heritability production trait considering a 5% or a 1% type I error.

an average heterozygosity of 52%. A subset of 144 markers covering the
18 pairs of autosomes was selected on the basis of their informativity and their
location on the genome. The list of markers used and the characteristics of
genome coverage are given in Appendix I (published in electronic-only form).
All the microsatellites are located on the USDA map, the additional PIGMaP
marker positions being determined using common markers as a reference. The
average distance between two microsatellites was 13.3 cM (SD = 9.7 cM), and
average marker informativity was 0.77.

All founders and parents were genotyped for the 144 markers on automated
sequencers at the CRGS platform (Centre de Ressources – Génotypage et
Séquençage) of Génopole, Toulouse, Midi-Pyrénées. The fragment length of
the PCR products was determined using the Genescan software (ABI; Perkin
Elmer) and the genotype of the animals was then obtained using the Genotyper
software (ABI; Perkin Elmer). Genotype data were finally checked, validated
and stored in the Gemma database [18].
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2.3. Statistical analysis

QTL detection was carried out with the QTLMAP software [12] using the
two-step procedure described by Knott et al. [22]: (a) for each chromosome,
the probability of each possible phase of the male founders was estimated from
their progeny marker information, the most likely phase was retained, and the
probabilities of transmission to the offspring were estimated at every position,
given this phase; (b) a within-male founder linear regression model was used
to test the presence of a QTL every centimorgan along the 18 autosomes with
an across family likelihood ratio test. The model was as follows:

GMi j = si + (2pi j − 1)ai + ei j

where:

– si is the effect of the male founder i;
– ai is half the substitution effect of the putative QTL carried by the male

founder i;
– pi j is for parent j from male founder i, the probability of receiving one

arbitrarily defined QTL allele from i given marker information;
– ei j is the residual, assumed to follow a normal distribution N(0, σ2

ei/CDi j),
where σ2

ei is a within-sire family residual variance andCDi j is the reliability
of the proof of parent j from male founder i based on its own and progeny
information (see App. II for its computation);

– the dependent variable GMi j (“Genetic Merit” of the jth parent from male
founder i) is a combination of the own performances of the jth parent from
male founder i and of its sons’ and daughters’ phenotypes corrected for the
estimated breeding value of their second parent; this unregressed summary
of own and progeny performances is a generalization of the “daughter yield
deviation” [38] frequently used for QTL analysis based on granddaughter
designs. The formulas used to compute GMi j for production and reproduc-
tion traits are given in Appendix II.

The variance component estimates required for the computation of GMi j

values were estimated separately for LW and LR populations, using the VCE
(version 4.5) software [27]. The data included the pigs of the experiment and
their herd × year contemporaries. Pedigrees were traced back for five genera-
tions. The single trait mixed animal models used for litter traits included the
fixed effects of sow parity, month of farrowing, and herd*year*type of mating
(i.e. AI or natural mating) combination, the age of the sow within parity as
a covariate, and the random effects of the boar mate, the permanent environ-
mental effect of the sow, and individual additive genetic value. For production
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traits, the model included the fixed effect of fattening group, age (for LWGT)
or live weight (for US_M) of the animal at the end of the on farm test as covari-
ates, as well as the random effects of birth litter and individual additive genetic
value.

Then, BLUP analyses were performed using the same models and estimated
variance components on data sets including all the performances recorded in
LW and LR populations from 1992 to 2003 for production traits and from
1992 to 2005 for reproduction traits, considering five generations of ancestors.
The BLUE and BLUP values obtained were used to adjust the data for all the
effects of the above models except the additive genetic value (for all traits) and
the permanent environmental effect of the sow (for reproduction traits), as well
as for the additive genetic values of the parent’s mates.

For each trait and each chromosome, 30 000 within-family permutations
were performed to estimate empirical chromosome-wide significance levels of
the test statistics [9]. For each QTL reaching a chromosome-wide significance
level of 5%, the male founders whose family likelihood ratio test exceeded the
value of a χ2 distribution with one degree of freedom (i.e. 3.84 for a type I
error of 5%) were considered as heterozygous for the QTL. Then, the average
substitution effect of the QTL was calculated as the mean of the substitution
effects estimated for the heterozygous male founders.

The 95% confidence intervals of the QTL locations were estimated by lod
drop-off, the bounds of the interval being the two locations whose likelihood
was equal to the maximum likelihood minus 3.84 (= χ2

(1,0.05)).

3. RESULTS

Ten QTL were detected with a 5% chromosome-wide significance level.
Their most likely position, 5% confidence interval, significance level, aver-
age substitution effect and the families they were segregating into are given in
Table II.

Estimates of the QTL effects were large, varying from 0.3 to 1.3 phenotypic
standard deviations. Nine of the ten detected QTL seemed to be segregating in
both LW and LR populations, with a number of heterozygous male founders
varying from 1 to 3 depending on the region considered.

Three QTL were identified for fatness, on SSC2 (P = 0.037), SSC3 (P =
0.009) and SSC17 (P = 0.014). A QTL was detected for LWGT (P = 0.050),
and one was suggested for AGE100 (P = 0.068 – not shown in Tab. II) at the
same position on SSC4.
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Table II. QTL detected with a 5% chromosome-wide significance level (P-value).

Traita σb
ph h2c SSC Location of Marker at maximum Heterozygous Average

maximum (cM) location or P-value founderse substitution
[95% C.I.]d flanking markers LW LR effectf

US_M 1.5 0.47 2 15 [3–29] MCS364; SW2445 0.037 1 3 1.0
3 105 [97–129] SW2408; SW1327 0.009 2 2 1.2
17 28 [15–55] SWR1004; SW1920 0.014 2; 3 1 2.0

LWGT 8.7 0.29 4 62 [38–73] SW1073 0.050 5 2 7.4

STILLp 1.4 0.09 6 88 [79–94] S0444 0.018 1 2; 3 0.6
11 66 [49–84] SW1415; SW903 0.035 1 2 1.0
14 28 [21–37] SW1125; SW245 0.045 3 1; 3 0.4

LIVp 3.1 0.10 7 20 [13–29] S0383; S0064 0.018 3 2 1.5
16 9 [2–32] S0111; SW2411 0.050 4 2.5
18 1 [1–8] SW1808 0.013 5 1 1.2

a Average backfat thickness (US_M, in kg) and live weight (LWGT, in mm) at the end of the on-
farm test; numbers of stillborn (STILLp) and born alive (LIVp) piglets per litter; b phenotypic
standard deviation and c heritability of the trait (average parameters of the two breeds, estimated
by REML on the data); d lod drop-off 95% confidence interval of the QTL location; e ith family
within each breed: LW = Large White; LR = Landrace; f in trait unit.

Six QTL were mapped for reproduction traits, on SSC6 (P = 0.018), SSC11
(P = 0.035) and SSC14 (P = 0.045) for STILLp, and on SSC7 (P = 0.018),
SSC16 (P = 0.050) and SSC18 (P = 0.013) for LIVp. While the regions
affecting STILLp and LIVp differed, neither of these regions was found to
affect TOTp, despite the genetic correlation between these traits.

4. DISCUSSION

4.1. Design and methods

Exploiting existing familial structures in commercial populations is an ap-
proach of choice for QTL mapping, in particular for reproduction traits, since:
(1) it avoids the implementation of a long and expensive experimental design;
(2) the detected QTL are immediate candidates for marker assisted selection.
Conversely, it is by definition limited to the traits routinely recorded by breed-
ers. Mapping QTL for phenotypes that are difficult or expensive to measure
on a large number of animals (e.g. behaviour, meat quality or maternal ability
traits) is consequently excluded, whereas these are precisely the traits whose
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selection is likely to show the largest gains from the use of markers. For such
traits, the development of experimental designs appears almost unavoidable.

In most cases, the dependent variable used in granddaughter designs is ei-
ther a “daughter yield deviation” (DYD) (e.g. [6,15]) or an estimated breeding
value (BLUP EBV or selection index, e.g. [11, 33]) of second generation ani-
mals. Estimated breeding values are regressed scores that reflect the amount of
data used for their computation, whereas the DYD of a parent is an unregressed
weighted average of its daughters’ and sons’ records adjusted for environmen-
tal effects and for the additive genetic values of the parent’s mates [38]. When
the second generation animals in a granddaughter design have large numbers
of progeny with records, the use of EBV or DYD is equivalent [14,34] since the
regression of EBV is then limited. Nevertheless, in the present design, some of
the second generation animals only had a small number of offspring (e.g. 25%
of the parent animals had less than 20 offspring for production traits), and
the use of EBV would lead to underestimated QTL effects. Hence, the use of
the DYD approach was preferred. Moreover, the usual DYD approach was ex-
tended to include the own performances of the parents in the prediction of their
GM. This allowed the second generation animals having no recorded progeny
to be included in the study and the accuracy of the predicted GM values for the
parents with a limited number of offspring to be improved.

Although large substitution effects were estimated for some of the QTL de-
tected here, only a few sires were actually heterozygous for these loci on the
basis of the χ2 tests. As a consequence, none of the 10 QTL detected reached
the genome-wide significance level (P ≈ 0.003). This low power of detection
of our design was caused by the limited number of families available (reduc-
ing the chances of having heterozygous founders and consequently informa-
tive families for QTL) and by the relatively small size of these families. Very
large half-sib structures are indeed scarce in LW and LR populations, since
breeders limit the number of mated females per boar to maintain genetic vari-
ability. Moreover, the storage of boar DNA samples was not systematic be-
fore 2002, which resulted sometimes in substantial decrease in the size of the
founder families. These losses were partially compensated by considering in
the design the available female parents having their own performance and/or
recorded progeny.

Despite these limitations, the number of QTL detected exceeds the num-
ber of positive results that can be expected by chance. Indeed, one expects
only four false positive results at a 5% elementary significance level for anal-
ysis of 18 chromosomes and 6 traits corresponding to four independent traits.
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Our result consequently strongly suggests that several of the QTL reported
here correspond to true QTL effects.

4.2. Results

Our results show that a part of the phenotypic variance for growth, fatness,
number of piglets born alive and number of stillborn piglets per litter observed
in LW and LR populations can be explained by the segregation of QTL alleles
with large effects. Considering that these traits, with the notable exception of
stillbirth, have been intensively and efficiently selected over the last decades
in both populations, the chances for the QTL with large effects to be fixed or
close to fixation were high. The persistence of segregation of the QTL detected
here may be due to additional unfavourable effects (on other traits) counterbal-
ancing their positive effects on the traits considered in this study. A fine char-
acterisation of the effects of these chromosomal regions on the major traits of
interest is thus necessary to understand why these QTL are still segregating
before using them in marker assisted selection programmes.

Only few QTL affecting litter size have so far been reported in the literature.
Wilkie et al. [42], Cassady et al. [7] and Holl et al. [16] reported potential QTL
affecting the number of stillborn piglets on SSC4, on SSC5 and SSC13, and
on SSC12 and SSC14, respectively. With the exception of Noguera et al. [28],
who obtained genome-wide significant QTL on SSC13 and SSC17, only QTL
have been suggested for litter size at birth by Cassady et al. [7] on SSC11,
King et al. [21] on SSC8, and de Koning et al. [10] on SCC7, SSC12, SSC14
and SSC17. Moreover, these QTL were obtained in crosses between selected
lines [7] or in crosses involving the prolific Meishan breed (other studies).
Except maybe for the SSC7 litter size QTL reported by de Koning et al. [10],
the six chromosomal regions found in the present study for the numbers of
born alive and stillborn piglets do not seem to match any of the previously
published QTL.

Several candidate genes associated with litter size have been reported.
Among them, the prolactin receptor (PRLR) gene locus [40] is close to the
confidence interval bound of the QTL for LIVp detected on SSC16. On the
contrary, no effect was found neither on SSC1 near the ESR (estrogen recep-
tor) location nor in the area of RBP4 (retinol binding protein 4) gene on SSC14
for which Rothschild et al. [31, 32] reported an effect on litter size.

Conversely, many loci affecting fatness and growth traits have been re-
ported in the literature, some of which being close to the regions detected in
the present study (see the review by Bidanel and Rothschild [4]). Among the
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most recent results, QTL for fatness have been reported by Lee et al. [24]
and Kim et al. [20] on SSC2 and by Pierzchala et al. [29] on SSC17.
Knott et al. [23], Beekman et al. [3] and Cepica et al. [8] also detected
QTL for growth rate during the growing period on SSC4. All these studies
were based on experimental crosses between divergent populations (Meishan
× Large White, wild boar × Large White, Pietrain × Large White, Meishan ×
Pietrain, and wild boar ×Meishan). It is possible that the QTL detected in the
present study correspond to some of these reported loci. This conclusion is in
agreement with the results of Evans et al. [13], van Wijk et al. [37] and Vidal
et al. [39] who checked the segregation in commercial populations of several
QTL detected using experimental crosses.

On the contrary, as already observed above for litter size, most loci affect-
ing growth and fatness traits reported from studies based on intercrosses be-
tween distant breeds had no effect in the present study. This may result from
the limited size of our design, the 8 male founders being homozygotes due to
sampling, or the informative families being too small to reveal their effect sig-
nificantly. Another likely explanation is that many of the QTL alleles that are
found to be segregating between divergent breeds could have been fixed within
commercial populations due to selection or random drift.

4.3. Implications

QTL mapping in commercial populations based on the use of existing fa-
milial structures is uncommon in the pig. The present study demonstrates the
interest of such an approach, particularly for reproduction traits, which require
long and expensive experimental designs. Several QTL were detected for fat-
ness, growth and litter size. This tends to show that a part of the genetic vari-
ance in commercial populations can still be explained by the segregation of
QTL with medium to large effects, despite a long period of intensive selection
applied to these traits. These results, if confirmed, offer new opportunities re-
garding the use of marker assisted selection in pigs. The interest of implement-
ing such tools has nevertheless to be evaluated using a cost/benefit approach
and considering the breeding goals in LW and LR breeds.

Further work remains to be done on these experimental data, such as consid-
ering litter size performances of crossbred daughters to increase the power of
the design. Some other traits will be investigated, such as litter size at weaning
and reproduction intervals. From this preliminary detection, additional studies
will be required to confirm the QTL reported and to map them more accurately.
Additional paternal half-sib families will be searched in the national database
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in order to increase the power of the design. The use of multiple trait analysis
and variance component methods (which allow relationships between families
to be taken into account), as well as the joint use of linkage/association stud-
ies which are becoming possible with the availability of dense SNP marker
maps, should be of great help for that purpose. Finally, the segregation of the
identified haplotypes and the estimation of their effects in various commercial
populations should also be investigated.
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APPENDIX II

The dependant variable GMi j for the jth parent from the ith male founder was
computed by generalizing the “daughter yield deviation” approach described
by VanRaden and Wiggans [38] to include the own performances of the parent.
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1. DERIVATION OF GMi j FOR REPRODUCTION TRAITS

Consider the jth parent from the ith male of the design as animal J. J has K
own records (yJ,1 to yJ,K) and D daughters, and its dth daughter has nd records
(yd,1 to yd,nd). The second parent of the dth daughter of J is md.

The objective is to determine a pseudo performance (GMJ) and its associ-
ated weight (WJ) for the animal J summarizing its actual own and daughters’
phenotypes.

Let us assume that all the performances yJ,i and yd,i have been previously
adjusted for all non-genetic effects except permanent environmental effects,
and let us consider the sample of population limited to animal J, its parents p
and m, its daughters d (d in [1;D]), and its mates md.

With

λ1 =
σ2
e

σ2
a
=

residual variance
additive genetic variance

and

λ2 =
σ2
e

σ2
perm env

=
residual variance

sow permanent environment variance
,

the mixed model equations are:

[
Z′Z + λ1A−1 Z′W
W′Z W′W + λ2I

] [
u
p

]
=

[
Z′y
W′y

]
, (1)

where Z and W are, respectively, the incidence matrices for individual addi-
tive genetic values and permanent environmental effect, A is the numerator

relationship matrix, u =
[
up um uJ ... ud ... umd ...

]t
is the vector of individ-

ual additive genetic values, and p =
[
pJ ... pd ...

]t
is the vector of permanent

environmental effects for animal J and its daughters.
The equations in (1) relative to the additive genetic values of animal J and

its dth daughter are, respectively:

− 2λ1
(up + um)

2
+

⎡⎢⎢⎢⎢⎢⎢⎣K + λ1

⎛⎜⎜⎜⎜⎜⎜⎝2 +
D∑
d=1

qd
4

⎞⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎥⎦ uJ

− λ1

D∑
d=1

(qd
2
ud
)
+ λ1

D∑
d=1

(qd
4
umd

)
+ KpJ =

K∑
k=1

yJ,k

(2)
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and

−λ1
qd
2
uJ + (nd + λ1qd) ud −

(
λ1

qd
2

)
umd =

nd∑
i=1

yd,i − nd pd, (3)

where qd equals 2 or 4/3 whether the second parent of the dth daughter of
parent J is known or unknown.

The equations in (1) relative to the permanent environmental effects of ani-
mal J and its dth daughter are, respectively:

KuJ + (K + λ2)pJ =
K∑
k=1

yJ,k ⇔ pJ =

K∑
k=1
yJ,k − KuJ

K + λ2
(4)

and

ndud + (nd + λ2)pd =
nd∑
i=1

yd,i ⇔ pd =

nd∑
i=1
yd,i − ndud
nd + λ2

· (5)

Replacing pd in (3) gives a new expression of ud. After replacing pJ and ud
in (2) and rearranging, we obtain:

− 2λ1

(up + um
2

)
+

⎡⎢⎢⎢⎢⎢⎢⎣2λ1 +
Kλ2

K + λ2
+
λ1λ2

4

D∑
d=1

qdnd
λ2nd + λ1λ2qd + λ1ndqd
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λ1λ2

2

D∑
d=1

qd
nd∑
i=1

(yd,i − umd
2 )

λ2nd + λ1λ2qd + λ1ndqd
· (6)

Setting

WJ =
Kλ2

K + λ2
+
λ1λ2

4

D∑
d=1

qdnd
λ2nd + λ1λ2qd + λ1ndqd

(7a)

and

GMJ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
λ2

K + λ2
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qd
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2

)
λ2nd + λ1λ2qd + λ1ndqd
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/
WJ, (7b)

the equation (6) becomes:

−2λ1

(up + um
2

)
+ [2λ1 +WJ] uJ = WJGMJ,
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which corresponds to the equation relative to the additive genetic value of ani-
mal J in the MME

[
Z′Z + A−1λ1

]
[u] =

[
Z′y
]

if animal J only has one single
own phenotype GMJ with weight WJ and no recorded daughter.

In the case where the animal J has no own record, the expressions for
WJ (7a) and GMJ (7b) become:

WJ =
λ1λ2

4

D∑
d=1

qdnd
λ2nd + λ1λ2qd + λ1ndqd

(8a)

and

GMJ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
λ1λ2

2

D∑
d=1

qd
nd∑
i=1

(
yd,i − umd

2

)
λ2nd + λ1λ2qd + λ1ndqd

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
/
WJ. (8b)

2. DERIVATION OF GMi j FOR PRODUCTION TRAITS

In this case, animals of generations 2 and 3 of the design have at most one
own record, and the mixed model equations simplify to [Z′Z + A−1λ1][u] =
[Z′y]. In the same way as above, we now get:

WJ = 1 +
λ1

4

D∑
d=1

(
qd

1 + qdλ1

)
and GMJ =

yJ +
λ1
2

D∑
d=1

[
qd(yd−umd /2)

1+(λ1 qd)

]

WJ
· (9)

If the parent J has no own phenotype, the previous formulas become:

WJ =
λ1

4

D∑
d=1

(
qd

1 + qdλ1

)
and GMJ =

λ1
2

D∑
d=1

[
qd(yd−umd /2)

1+(λ1 qd)

]

WJ
· (10)

3. RELIABILITY OF PROOF OF ANIMAL J BASED
ON OWN AND PROGENY RECORDS

The reliability CDJ of the estimated breeding value of animal J is given

by CDJ = 1 − PEVuJ

σ2
a

, where PEVuJ is the prediction error variance of the
estimated breeding value of J. The available information for J being limited
to own and progeny records summarized in GMJ with associated weight WJ,

PEVuJ =
[
Z′Z + A−1λ1

]−1
σ2
e = σ

2
e

/
(λ1 +WJ), and CDJ = WJ /(λ1 +WJ).
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