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Summary

Deterministic predictions for the proportion of offspring assigned to different numbers of
pareni-pairs are developed in order to investigate the power of microsatellite loci for
parental assignment in fish species. Comparisons with stochastic simulation results
show that predictions based on exclusion probabilities are accurate, provided that the
number of parents involved in the crosses is large. Accounting for sampling of parents
gave very accurate predictions for a small number of parents and a single biallelic
locus. For large numbers of loci or large numbers of alleles per locus stochastic
simulations are, however, the only available method to predict the power of assign-
ment of a particular set of loci when the number of parents is small. Nine 5-allele loci or
six 10-allele loci with equifrequent alleles, are sufficient for asstgning, with certainty,
parents to 99% of the fish resulting from either 100 or 400 crosses. Resulis simulating
a set of highly polymorphic microsatellites developed for Atlantic salmon show that the
four most informative loci are sufficient to assign at least 99% of the offspring to the
correct pair with 100 crosses involving 100 males and 100 females. An additional
locus is required for correctly assigning 99% of the offspring when the 100 crosses are
produced with 10 males and 10 females. -
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needed to keep families separated until the fish are large

Introduction

Selection programmes in animal breeding make use of
information not only on the candidates for selection, but
also on their relatives in order to increase the accuracy of
selection and therefore selection responses. Ideally, individ-
uals are identified uniquely when they are born and then
the pedigrees of individual animals can be tracked across
generations.

One of the most important impediments to applying
effective selective breeding programmes for fish is that new-
born individuals are too small to be tagged physically. Thus,
selective programmes making use of family information have
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enough to be individually tagged (Doyle & Herbinger 1994},
This is costly, limits the number of families available for
selection and can induce environmental effects common to
the members of the same family (Doyle & Herbinger 1994).
The problem of individual identification in fish species can
be resolved by applying DNA-based genetic markers. Poly-
morphic markers have been used to assess parentage in
many species (e.g. Avise 1994) and can be used to dis-
criminate fish in mixed family groups (Doyle & Herbinger
1994), Fish from different families can be reared together in
the same tank from hatching, or even at the egg stage.
Subsequent genotyping of parents and offspring for partic-
ular loci allows assignment of offspring to parental pairs.
The most useful type of markers to assess genetic par-
entage are microsatellite DNA foci {e.g. O'Connell & Wright
1997}, which have already been isclated and characterized
in several fish species including salmon (Slettan et al. 1996;
O'Reilly et al. 1998; Banks et al. 1999; Nelson & Beacham
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1999), trout (Herbinger et al. 1995; Estoup ef al. 1998;
Khoo et al. 2000), carp {Crocijmans et al. 1997), turbot
(Estoup et al. 1998), sea bass (Castilho & McAndrew 1998),
sea bream (Perez-Enriquez ef al. 1999) and tilapia (lee
& Kocher 1996). Furthermore, several studies have empi-
rically used microsatellite locl to successfully reconstruct
pedigrees in fish populations with families mixed from
hatching (Herbinger ef al. 1995; Estoup et al. 1998; O'Reilly
et al. 1998; Herbinger et al. 1999; Perez-Enriguez ef al,
1599; Norris et al. 2000). However, how many loci are
needed and how informative they need to be for accurate
parental identification is poorly understood. In this study,
deterministic predictions for the power of microsatellites for
parental assignment are developed and compared with
stochastic simulation results. Predictions are developed for
large (strictly infinite) numbers of parenis and offspring
and for finite numbers. The power of parental assignment
is specifically investigated for a set of microsatellite Ioci
developed in Atlantic salmon.

Materials and methods

In thesituation considered here the matings, and therefore all
possible parent-pairs, are known, and the problem is to assign
parentage to individuals from the offspring generation. The
question is how many loci are needed, and how informative
(i.e. number of alleles/locus and allelic frequencies) they need
to be, to obtain correct parentage assignments. Assumptions
in the deterministic and stochastic models include the
absence of mutation and measurement errcrs, unlinked
marker loci and Hardy—Weinberg equilibriurmn.

Deterministic predictions

Assuming that there are N + 1 possible parent-pairs, we will
calculate the expected proportion of progeny with one (the
correct one), two (the correct one and one incorrect),...,
N + 1 (the correct one and N incorrect) pairs assigned as
parents,

Infinite numbers of parents and offspring )

The expected proportion of offspring assigned fo n + 1 par-
ent-pairs in this case can be obtained as follows. First, all
possible genotypes for parent-pairs and their probabilities are
determined. Secondly, for each possible offspring genotype,
the parent-pair genotypes that cannot be excluded (and the
corresponding probability) are identified. Thirdly, the pro-
portion of offspring and the humber of parent-pairs assigned
for each possible offspring genotype are computed given the
allelic frequencies, the total number of offspring and the
number of crosses. Finally, the propoertions of offspring with
the same number of parent-pairs assigned are added.

For example, for a single biaflelic Tocus with allele fre-
quencies p; and ps, there are six possible parent-pair geno-
types (shown in Table 1, with their probabilities) and three
possible offspring genotypes (A;A,, AjA; and AsA,, with
probabilities p2, 2p;p, and p3. respectively). For progeny of
genotype AjA;, three parent-pairs cannot be excluded
(A1A1xA1 AL, ATA XA A7 and A AyxA; A,) with probability
P + 4pip, + 4pip3. The non-excluded parent-pairs and
corresponding probabilities for progeny of genotypes A1 A;
and A;A; are obtained In a similar way. Now, if the number
of parent-pairs is N + 1 then a proportion p% of the offspring
will be assigned to (bt + 4pip, + 4p%p3) (N + 1) parent-
pairs, a proportion 2p;p, will be assigned to (4pip; + 2p3
p% + 4pips + dpyp3)N + 1) parent-pairs and a proportion
p3 will be assigned to (4p3p, + 4p'p3 + p%) (N + 1) parent-
pairs. Thus for p; ==p; = 0.5 and (N + 1) = 100, 50% of
the progeny will be assigned to 56.25 parent-pairs and 50%
of the progeny will be assigned to 87.50 parent-pairs.

With few loci, or with few alleles per locus, the number of
possible parent-pair genotypes is small and therefore there
will be considerable variation around these expected values,
as sampling of parents is not accounted for. With a large
number of loci, or with a large number of alleles per locus,
the number of parent-pair genotypes can be enormous,
niaking predictions following the approach described above
difficult. For instance, for three loci, each with five alleles,
the number of possible unique parent-pair genotypes is

Number of offspring of genotype

Table 1 Possible parent-pair genotypes,
probabilities and numbers of parent-pairs for a

Number of singie biallefic locus and numbers of offspring

Parent-pair genotypes Probabili t-pai AqA AqA AcA

pair genotyp ility parent-pairs M 12 - of different genotypes produce for each type
AqAA A, it 4 m of parent-pair.
ArAxAA; 4p,°p, 3 My Maz
AqAgxAzhy 2p°pa? T3 m
ArAoxAqAs 4p4°p,? Na Mg Mao Mag
AqAxxPoAg 4P1P‘23 15 M5 Msz
AAaxPaho P24 g 1

1.00 N+
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5 697 000. In this situation, predictions for the power of
assignment can be simplified by using the binomial distri-
bution as it is described in the next section,

Infinite numbers of parents and offspring and many loci

or many alleles per locus

For many loct, and/or many alleles per locus, the expected
proportion of offspring assigned to different numbers of
parent-pairs can be approximated from the binomial distri-
bution. In this situation, the first step is to compute the
exclusion probability, that here is the probability of a ran-
domly chosen parent-pair being genetically excluded as
parents of a randomly chosen offspring {and that parent-
pair did not produced that offspring). The exclusion prob-
ability for a single locus [ with k alleles {(J)) is

k k k k 2
Or=1+4Y pt—4>p—-3> pf-38 [pr}
=1 i=1 i=1 =1
k
>op
=1

2 k i
+2 +8Y p > n
=1 =1
where p; is the frequency of the ith allele (4;) (Jamieson
1965; Dodds et al. 1996). For multiple loci (I microsatel-
lites), the combined (overall) exclusion probability can be
calculated as

L
o=1-]J(1-0)
=1

{Dodds ef al. 1996).

Given (, the next step is to calculate the expected num-
ber of offspring having n + 1 assigned (i.e. non-excluded)
parent-pairs (the true pair and n incorrect pairs). For a
sample of N + 1 possible parent-pairs, with one parent-pair
being the correct one, the question is how many non-
exclusions are expected from the remaining N ones. These
expeciations were obtained from the binomial distribution,
ie. the number of non-exclusions is assumed to follow
a binomial distribution with parameters N and (1 — Q).
Thus the probability that n parent-pairs are not excluded
is given by

Prob{n) = (I:)(l -

for 0 < n < N. The proportion of offspring assigned to n
incorrect parent-pairs (i.e. offspring assigned to n + 1 parent-
pairs} is Prob(n). For instance the proportion of offspring with
a single assigned parent-pair (the correct one) is Prob(0), the
proportion of offspring with two assigned parent-pairs (the
correct one and one incorrect one) is Prob(1), and so on.

Finite number of parents and infinite number of offspring

The expectations derived above assume infinite population
sizes. In practice, however, both the number of parent-pairs
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and the number of offspring are limited, There are thus two
sampling processes to be considered: {i) sampling of parent-
pairs from a large (strictly infinite) population, and
(ii) sampling of progeny genotypes for a given distribution of
parent-pairs. Both processes are assumed to be at random
and independent, We will consider first only the sampling of
parents and assumte initially that the number of offspring is
large enough to be considered infinife. This assumption is
relaxed in the next section.

Without loss of generality, consider a single locus with
two alleles with frequencies p; and p,. There are six possible
parent-pair genotypes (Table 1). Table 1 also shows the
number of offspring of each genotype produced from each
parent-pair type. When the sampling of offspring is ignored,
then may =%, iy =%, myy =%, My =%, Mg =%,
ms; = %, msy; = % and m is the number of offspring per
parent-pair [m = T/(N + 1}, where T is the total number of
offspring]. The distribution of the number of parent-pairs
over the six groups is multinomial. The approach for finding
the proportion of offspring assigned fo n + 1 parent-pairs is
as follows. For a given distribution of parent-pairs across the
six groups (i.e. for a particular set of values for ny, ns,..., ng)
first, the probability of that particular distribution is com-
puted. This probahility is obtained from the multinomial
distribution:

Prob(ny,nz,...,n5) = (”1, 5:;—1—1’ e ) grgi ... gk

where € is the probability of parent-pair genotype i
(Table 1}. Secondly, the proportion of offspring of each
genotype that is expected from that particular distribution is
calculated. These expectations are [(n; + Y%y + Y%ng) x
Prob(ny, ns,..., ng)l/(N + 1) for genotype A A;, [(%any +
ny + Y%ny + ¥%ens)xProblng, na..... ng) /(N + 1) for genotype
AjA;, and [(%ang + Y%ns + ng)xProb(my, ny,..., ng)J/(N + 1)
for genotype A;A,. Thirdly, the number of parent-pairs
assigned to each offspring genotype is obtained. These are
(ny+np+ng) (np+n3+ny+ns) and (ng+ ns + ng),
for genotypes A1Ay, A1A; and AsA,, respectively. Finally,
the proportions of offspring with the same number of par-
ent-pairs assigned over all distributions of parents-pairs {i.e.
sum over all combinations of values for ny, ns...., ng) are

added.

Finite numbers of parents and offspring

The previous section ignored the sampling of offspring given
a particular distribution of parent-pairs. In order to account
for the sampling of offspring, the terms my shown in Table 1
{that represent Mendelian sampling} can be obtained from
binomial {(m;1, M2>, My and ms3) or multinomial (my,, Ma>
and m,;) distributions. Thus, m,; and mz; can be obtained
from a binomial (m, 8), ny,. Mgy and mas can be ohtained
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from a multinemial with probabilities 0.25, 0.5 and 0.25,
and n15; and ms; can be also obtained from a binomial (m, %).

Computer simulations

Stochastic computer simulations with finite numbers of
parent-pairs and offspring were used to test the prediction
models. They were also used to investigate the power of
parental assignment in a practical situation for Atlantic
salmon. Actual frequency data from a particular Scottish
farm for seven characterized microsatellite loct (E. Verspoor,
unpublished data) were simulated.

Genotypes of unrelated parents {N,, males and N; females)
were generated for L loci assuming Hardy—Weinberg equi-
librivim. The reproductive biology (high fecundity, external
fertilization} of many fish species allows a very wide range of
mating systems. Hierarchical mating designs (where each
female is mated to a single male and each male is mated to
d females) are common in fish breeding programmes,
although for a fixed number of parents, factorial designs
(where each female is mated to more than one male and
each male is mated to more than one female) allow
reduced inbreeding rates with no loss in selection responses
{Woolliams 1989). Here both types of mating designs
were considered: (i) hierarchical designs involving N + 1 =
dNy, = Np parent-pairs and (ii} complete factorial designs
where each male is mated to each female and each female is
mated to each male, leading to N + 1 = N,,N; parent-pairs.
Assignments of matings were at random and all matings
produced the same number of offspring. The offspring
genotype for each locus was obtained by sampling, at ran-
dom, one allele from each parent.

For each offspring, the probability that each pair of par-
ents has produced this offspring was computed as follows
(ie. N + 1 probabilities were computed for each offspring).
Let AyA; and AL A, be the genotypes of a parent-pair at a
single locus I. Following Sancristobal & Chevalet (1997} the
probability that an offspring with heterozygote genotype
AA; has parents with genotypes AzA; and AR A, is

Pr = Prob[(AiA)|(ArA)), (Andn))]
= Prob[(A)]{ArA7)|Prob{(A;)[{Ann)]
+ Prob{(A)){AxAn]Prob[(A)i (AnA,))

where Prob[(A;)] (AzA))] is the probability that an individual
with genotype AzA; has transmitted an allele A; to its off-
spring. This probability is given by (% & + % &;) where g is
the probability that an allele A; from a parent yields an
allele A; in the offspring, Assuming there are no genotyping
errors nor mutations, gy = 0ifi # kand gz =1 ifi = k. For
an offspring with homozygote genotype AjA; Pris

Pj' = Prob[{AiA,-)l(AkA;), (AmAn)]
= Prob[(A7)|(ArAnIProb[{A)}(AmAx)]
For a set of L unlinked microsatellite foci, the probability of

the offspring genotype conditional on the genotypes of the
parental pair is calculated as

Ew

P=11hH

=1
The assigned parent-pairs for a particular offspring were
those with non-zero probability. A minimum of 1000
replicates was run for each simulation.

Results

Exclusion probability

Exclusion probabilities increase with the number of loci used
and with the number of alleles per locus. For the special case
where all alleles at a given locuts have the same frequency,
six loci with more than two alleles (i.e. the case of micro-
satellite Jocl) or 15 biallelic loci would, in theory, be suffi-
cient to exclude all incorrect pairs as parents of a given
offspring (0 = 0.99). At a given locus, the exclusion prob-
ability reaches its maximum value when all alleles have the
same frequency (e.g. Weir 1996; Jamieson & Taylor 1997)
but this situation is rarely found in practice. With varying
frequencies, the value of Q can be dramatically decreased
and tends to zerc as one allele frequency tends to zero. For
instance, in an extreme situation where one allele is very
common with a frequency >0.95, six 4-allele loci only allow
30% of the incorrect pairs to be excluded for a given off-
spring. In this situation, even 18 4-allele loci give a prob-
ability of exclusion of only 66%.

Parental assignment

Table 2 shows predicted and simulated percentages of off-
spring assigned to different numbers of parent-pairs when
using three loci with five equiprobable alleles per locus. The
assignment was for 800 offspring either from 100 or from
400 crosses. The crosses followed one of three mating
designs considered, and they involved different numbers of
parents. Predicted values in Table 2 are based on exclusion
probabilities and bhinomtal distributions {i.e. sampling of
parents and offspring is ignored). In this case, predictions
depend on the number of crosses but not on the number of
parents and offspring involved.

The power of discrimination increased with the nimber of
parents (for a given number of crosses) and it was substan-
tially reduced when the number of crosses increased from
100 to 400. For a given number of crosses, the best

© 2002 British Crown Copyright, Animal Genetics, 33, 33-41
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Table 2 Predicted and simulated percentage of offspring assigned to n + 1 parent-pairs when using three loci with five equifrequent alleles per locus.
In the simulations, 800 offspring were generated from 100 or 400 parent-pairs resulting from three different mating designs: hierarchical with
N = Ne = 100 or 400 (H1oox100, Hagoxaoo); hierarchical with Ny, = 10 or 40 and N¢ = 100 or 400 (Hyox100, Haoxaco); and factorial with

Ny = N; =10 or 20 (Fioa0, Faoean).

100 crosses

A00 crosses

Simulated Simulated
n+1 Predicted Hioexco Hiox100 Figuto Predicted Hagoxaoo Haoxaco Faowao
1 30.64 34.05 25.55 21.23 0.85 354 374 3.21
2 36.46 33.40 28.68 26.83 4.08 8.40 7.84 7.53
3 21.48 19.59 20.83 17.36 9.76 12.04 10.71 7.98
4 8.35 8.71 12.59 13.92 15.52 13.63 12.21 10.13
5 2.40 3.05 6.67 7.39 18.46 13.49 12.30 8.53
6 0.55 0.93 3.24 5.79 17.53 12.47 11.51 977
7 0.1 0.21 1.45 3.00 13.84 10.74 1018 7.86
8 0.02 C.05 0.61 1.88 2.34 8.71 8.58 7.69
9 0.00 0.01 0.24 1.13 5.50 6.57 6.78 6.64
=9 0.00 Q.00 0.14 1.47 513 10.41 16.15 30.66

predictions were with the highest number of parents
mvolved in the crosses (Hiogeioo @and Hagoaoo) 88 the samp-
ling of parents is less important when more parents are used.

When the number of offspring was increased from 800 to
1600 the results from the simulations were practically the
same as those shown in Table 2, indicating that the
sampling of offspring was not important in these compari-
sons, The maximum difference between assignment per-
centages with 800 and 1600 offspring was 0.09 and it was
found with 100 crosses and Figxi0-

Table 3 shows the percentage of offspring assigned to a
single parent-pair (the correct pair) when using different
numbers of loci with different numbers of alleles with
equal frequencies. Although the percentage of offspring
with correctly assigned parents decreased with the number
of crosses (particularly with small numbers of loci), the

number of loci required to assign correctly most of the
offspring was the same with 100 and 400 crosses. With
equifrequent alleles, nine 5-allele loci or six 10-alele-loci
were sufficient for assigning pareats with certainty to 99%
of the offspring.

Figure 1 shows the distributions of the percentage of
offspring assigned to different numbers of parent-pairs
obtained by computer simulation when using one, three or
five biallelic loci. Predicted values are shown in Table 4 and
they were obtained by determining all possible genotypes for
parent-pairs and by identifying, for each possible offspring
genotype, the parent-pair genotypes that cannot be exclu-
ded {(as described in ‘Infinite numbers of parents and
offspring’). Although the expected values for the number of
assigned parent-pairs {Table 4} coincide with the peaks in
the simulations (Fig. 1), there was a considerable variation

Table 3 Predicted and simulated percentage of offspring with a single (correct) assigned parent-pair when using different numbers of loci {L) with
different numbers of equifrequent afleles (k). In the simulations, 800 offspring were generated from 100 or 400 crosses resuliing from different
mating designs: hierarchical with N, = Ny = 100 or 400 (Hqgowm00. Hacoxaco); hierarchical with N, = 16 or 40 and Ne = 100 or 400 (Hyg.q00,

Haoxace); and factorial with Ny = Ne = 10 or 20 (Fig.as. Faoxzo)-

400 crosses

100 crosses

Simufated Simulated
k L Predicted H1oox700 Hroxtao Froxio Predicted Hagoxaoo Hagaoo Faoxao
5 3 30.64 34.05 25.55 21.23 0.85 3.54 3.74 3.21
3] 98.61 98.62 94.96 91.63 94,53 94.59 91.15 81.43
o] 99.98 99.98 99.72 99.47 99.93 99.93 59.68 98,84
12 100.00 100.00 99,98 99,97 100.00 100.00 99.99 99.93
10 3 96.90 96.91 S50.01 84.48 88.10 83.18 82.18 67,17
[ 100.00 10¢.00 99.94 99.87 100.00 100.00 99.93 99.72
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Figure 1 Percentage of offspring assigned to different numbers of
parent-pairs for different number of biallelic loci. Both alleles had equal
frequencies. Eight hundred offspring were generated from 100 crosses
involving 100 sires and 100 dams.

Table 4 Predicted number of parent-pairs assigned to offspring (7 + 1)
and percentage of offspring (% offsp) when using different numbers of
foci with two equifrequent alleles and 100 crosses.

One locus Three loci Five loci
Offsp (%) n+1 Offsp (%)  n+1 Offsp (%) n+1
50.00 56.25 12.50 17.80 3.125 5.63
50.00 87.50 37.50 27.69 15.625 8.76
37.50 43.07 31.250 13.63
12.50 66.99 31.250 21.20
15.625 32.97
3.125 51.29

around these values. With few loci, or with few alleles per

locus, the number of possible parent-pair genotypes is small
and accounting for sampling of parents is necessary.

Predictions accounting for sampling of parents

For a single biallelic locus, stmulation results showed a wide
distribution across expected values (Table 4 and Fig. 1).
Also, predictions ignoring the sampling of parents deviated
substantially from simulation results when the number of
parenis was small, even when considering a large number
of loci and alleles per locus (Tables 2 and 3). Table 5 shows
a comparison of predicted and simulated percentage of off-
spring assigned to different numbers of parent-pairs out of

10 possible patrs when sampling of parents is accounted for
in the predictions. Accounting for sampling of parents leads
to very accurate predictions (differences between prediction
and simulation results were not significant). However, with
a large number of parent-pairs or with a large number of
loci or alleles per locus, the number of different distributions
of parents across the different pair genotype types can be
enormous. In this case, computer simulations would be the
best option to predict the power of assignment.

Parental assignment in Atlantic salmon

The informativeness of the seven microsatellite loci (ranked
according to their individual () values) used in the analysis
is shown in Table 6. All loci showed a high level of poly-
morphism. Combined probabilities of exclusion were calcu-
lated for different numbers of loci, adding loci from most to
least informative. Based on exclusion probabilities, the joint
use of the three most informative loci (1, 2 and 3} is
expected to allow correct parental assignment for every
offspring (i.e. 100% of non-parents will be excluded).

An example of the power of the seven loci for pedigree
analysis is given in Table 7, which shows the percentages
of offspring correctly assigned vsing different numbers of
loci. Results are presented for the initial population and
after five generations of random selection with constant
numbers of parents across generations. Selection at ran-
dom assumed that the microsatellite loci are unlinked to
loci controlling production traits. For this specific example
(allele frequencies found in a particular farm), the four
Ioci with the highest exclusion probability were required
in Scheme Hyggygo to assign at least 99% of the offspring
to the correct pair, both in the initial population and after
selection. In the initial population, an additional locus was

Table 5 Predicted and simulated percentage of offspring assigned to
n + 1 parent-pairs when using a single locus with two equifrequent
alleles. Predictions account for sampling of parents. In the simulations,
1000 offspring was generated from 10 parent-pairs resulting from a
hierarchical mating design with N, = Ny = 10. Standard errors are
given in parenthesis.

n+1 Predicted Simulated
1 0.03 0.03 (0.01)
2 0.34 0.32 (0.02)
3 1.75 1.66 (0.05}
4 5.25 5.38 (0.09)
5 10.22 10.20 (0.14)
6 13.79 13.94 (0.18)
7 14.82 14.90 (0.20)
8 17.18 16.75 {0.24)
9 21.30 21.34 (0.27)
10 15.32 15.47 (0.26)
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Table 6 Number of alleles, aliele frequencies and exclusion probabilities for seven microsatellite loci characterized in farmed Atlantic salmon.
Exclusion probabilities for combined loci are shown at the bottom of the table.

Number Exclusion
Locus  of alleles  Allele frequencies probability
1 14 0.090, 0.167, 0.090, 0.064, 0.019, 0.109, 0.167, 0.032, 0.083, 0.032, 0.045, 0.006, 0.077, 0.013 0.929
2 21 0,279, 0.087, 0.007, $.093, 0.007, 0.067, 0.007, 0.007, 0.007, 0.013, 0.020, 0.100, 0.053, 0.007, 0.919
0.040, 0.087, 0.033, 0.033, 0.013, 0.033, 0.007
3 15 0.080, 0.066, 0.015, 0.044, 0.102, 0.197, 0.204, 0.073, 0.044, 0.007, 0.015, 0.073, 0.007, 0.05%, 0.022 0.915
4 13 0.006, 0.035, 0.018, 0.053, 0.006, 0.135, 0.141, 0.100, 0.212, 0.159, 0.024, 0.082, 0.029 0.896
5 12 0.012, 0.171, 0.012, 0,031, 0.006, 0.128, 0.110, 0.140, 0.226, 0.043, 0.116, 0.005 0.875
& 7 0.096, 0.096, 0.209, 0.136, 0.378, 0.079, 0.00& 0.761
7 9 0.054, 0.524, 0.047, 0.057, 0.007, 0.08C, 0.067, 0.141, 0.013 0.705
P, 0.994
1+2+3 0.999
1+2+3+4 1.000

Table 7 Percentage of affspring with a single assigned parental pair when using different numbers of microsatellite loci resolved in Atlantic salmon.
The assignment is based on the use of actual microsatellite frequency data from a farmstock (Table &). Results are presented for the initial population
{t = 0) and after five generations of random selection (¢ = 5). Eight hundred offspring was generated from 100 crosses resulting from different
mating designs: hierarchical with N, = Np = 100 (H1ooao0): hierarchical with Ny, = 10 and N¢ = 100 (Higa00) and factorial with Ny, = Ne= 10

(Froxtc)s
t=10 t=5

Loci used Hagoxioo Hioxi00 Froxto Hicox100 Hiox100 Fioto
1 5.0 4.2 39 4.4 2.3 0.5
1+2 67.9 55.5 507 60.6 26.5 10.5
T+2+4+3 96.0 88.8 87.1 93.2 61.9 351
1+2+3+4 89.6 97.2 96.7 99.0 83.4 59.8
1+2+3+4+5 100.0 99.3 992 998 927 771
1+2+3+4+5+6 100.0 99.7 89.7 99.9 96.0 85.4
1T+2+3+4+5+6+7 100.0 99.8 99.8 100.0 97.5 90.2

needed in Schemes Higeioo and Figue to achieve the
99%. However, after five generations of selection, the
seven loci were not enough for assigning correctly 99% of
the offspring tn Schemes Hig,qoo and Fioxo-

Discussion

Deterministic predictions for the proportion of offspring
assigned to a number of parent-pairs have been developed in
order to investigate the number of marker loci required for
correct parental assignment in fish breeding programmes.
Predictions based on exclusion probabilities, that ignore the
sampling of parents and offspring, were accurate provided
that the number of parent-pairs involved in the crosses was
large. These predictions assume binomial distributions for
the number of non-exclusions. These type of distributions
has been also suggested by Vankan & Faddy {1999) to
estimate the reliability of paternity assignment in multiple-
sire cattle herds. :
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In practical fish breeding programmes, with large numbers
of offspring candidates for selection, the sampling of offspring
can be ignored. Simulation results showed that the power of
discrimination was the same with 800 and with 1600 off-
spring. However, the sampling of parents can be important as
the high reproductive capacity of fish allows high selection
intensities. With small numbers of parents, the exclusion
techniques proved to be inaccurate (Tables 2 and 3). When
sampling of parents was accounted for, then accurate pre-
dictions were obtained for a single biallelic locus and a small
number of crosses (Table 5). These predictions would, how-
ever, be very difficult to derive analytically for foci with more
than two alleles, or for a large number of crosses given the
large number of marker genotypes. In these situations, Monte
Carlo simulations are the only practical option to predict the
power of parental assignment of particular sets of loci.

Predictions of the power of microsatellite markers for
parental assignment rely on a number of simplifying
assumptions. These include the absence of mutation and
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measurement errors, unlinked loci, good estimates of allele
frequencies and Hardy—Weinberg equilibrium (which
implies that there is no selection and no inbreeding). The
high mutation rates observed at microsatellite loci (from
107* to 107 per locus per gamete per generation; Weber &
Wong 1993) can lead to frequent mismatches of offspring
genotypes with those of their frue parents. Scoring errors
that can lead to incorrect determination of parentage, are
also relatively common (2-3% per allele scored; O'Reilly
et al. 1998). The assumption of unlinked loci may not
represent a problem as no evidence of linkage for micro-
satellite loci isolated in fish species has been found (e.g.
Banks et al. 1999; Verspoor, unpublished).

Of more concern is the assumption of Hardy-Weinberg
equilibrium in real fish populations under artificial selection.
Even if it is assumed that marker loci used in parental
assignment are unlinked to loci controlling the traits under
selection, a small effective population size would Iead to
disequilibrium for the loci considered and then the genotype
probabilities cannot stmply be deduced from allele frequen-
cies. Analyses of microsatellifes for Atlantic salmon in
Scottish farms have shown that, while many loci do not
have a significant departure from Hardy-Weinberg equi-
librium, many other do {(Verspoor, unpublished). However,
unless departures are considerable, predictions are expected
to behave well. For example, simulations were run with
linkage disequilibrium in the parental generation (results
not shown}. Eight hundred offspring were obtained
from 100 crosses involving 100 males and 100 females
(Hioox100) and assignments were made by using three loci
with five equiprobable alleles per locus. When the number
of homozygotes was reduced by 25% (relative to the number
under Hardy—Weinberg equilibrium), the percentage of off-
spring assigned to 1, 2, 3, 4 and 5 parent-pairs was 29.37,
32.78, 21.66, 10.45 and 4.09%, respectively. The corres-
ponding values obtained when the number of homozygotes
was increased by 25% were 40.38, 34,44, 17.01, 6.07 and
1.68%. These results are not far from those obtained under
Hardy—Weinberg equilibrium (Table 2).

In practice, in order to assign offspring to parent-pairs
with exclusion techniques, the multilocus genotype of the
offspring is compared with all possible parent-pair genotypes.
Pairs that couild not have produced the offspring’s genotype
are excluded, and one or more parent-pairs are assigned as
possible parents. When a priori information on the potential
parents is not available, then genetic likelihoods of parent—
offspring relationships is a useful statistical method to
reconstruct genealogies (e.g. Meagher & Thompson 1986).
Log-likelihood ratios (LOD scores) are calculated for each
offspring and the most likely parents are assigned. The
situation in fish breeding programmes is different in that
here the matings, and therefore all possible parent-pairs, are

known. However, LOD analysis could be used to identify the
genetically most likely parent-pair for each offspring, when
the number of genetic exclusions is insufficient to narrow
down parentage to one single parent-pair. Bernaichez &
Duchesne (2000) have recently used this approach to predict
parentage asstgnment success. Alternatively, the use of more
loci could lead to unequivocal assignment of all the offspring.
If there are genotyping errors, mutations or non-amplifying
or ‘null’ alleles, then the exclusionary approach may lead to
false exclusions of true parents. The likelihood approach has
the advantage that it allows the inclusion of an error rate to
account for errors in the genetic data (Marshall et al. 1998).
In any case, however, the exclusion approach is a useful
starting point to determine parentage.

The most informative four microsatellites developed for
Atlantic salmon were sufficient to assign at least 99% of the
offspring to the correct pair when 100 males and 100
females were used to produce 100 crosses {Table 7). An
additional locus was required to correctly assign 99% of the
offspring when the 100 crosses implied 10 males and 10
females. After five generations of random selection, the
number of loct required for correct assignment remained
unchanged in schemes using 100 male and 100 female
parents (four loci). However, with small numbers of parents
{10 males and 10 females) the use of all seven loci allowed
correct assignment for only 90% of the offspring. The dif-
ferences among different mating schemes in the power to
discriminate among crosses was because of differences in
the effective population sizes (N.) which were 200, 36.4
and 20 for Higox100 Himaoo and Fio.ip, respectively. With
small N, there will be a higher chance of losing alleles (i.e.
the frequency of heterozygotes will decrease mare with
small N,) as a consequence of random drift.

The number of microsatellite loci and level of allelic
diversity, indicated to be needed for assigning offspring to
parents within breeding programmes, are well within the
bounds of what is already available for commercial fish spe-
cies such as Atlantic salmon (e.g. Table 6). While costs and
time required for typing are declining rapidly with increased
aurtomation of screening and mass production of consum-
ables, these are still sufficiently high that the use of the
approach will be limited, particularly given the need to retype
each time family assignment of a fish is necessary. However,
this limitation can be overcome by using DNA analysis in
conjunction with physical markers, such as passive integra-
ted transponder (PIT}) tags, applied once individuals are old
enough for marking, This combined approach also allows
individuals to be tracked to their family of origin when they
are rearved in test stations outside breeding facilities where
destructive diseases challenge or slanghter quality tests are
performed. Furthermore, DNA typing can also provide
information to assist with other aspects of genetic
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management such as monitoring levels of genetic variability
{Verspoor 1998) or computing exact inbreeding coefficients
(Visscher ef al. 1998). However, the actual gains realized by
using DNA typing are difficult to predict and will very much
depend on breeding goals and breeding programme design (B.
Villanueva, unpublished data).
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