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Summary

If marker alleles that identify a gene for introgres-
sion are not completely unique to the different
base populations, the trait allele can be lost
quickly during the process of backerossing. This
study considers ways to deal with incompletely
informative markers in order to retain the desired
allele. Selection was based on the probability of
the presence of the desired (introgressed) trait
allele, which was calculated for each marker
genotype, using a single marker or a diallelic or
triallelic marker bracket. The percentage of indi-
viduals retaining the introgressed allele was cal-
culated over five generations of backcrossing, for
selected fractions between 0 and 1, for marker
alleles that could occur in both base populations.
The best results were obtained with a rather large
selected fraction, when all individuals, heterozy-
gous and homozygous for the most desirable
allele at the marker loci, were selected.
Additional selection against marker homozygotes
{which might have the highest probability of car-
rying the desired-trait allele, but produce unin-
formative gametes) altered the optimum selected
fraction, making the selected fraction more con-
sistently inversely related to a better retention of
the desired-trait allele. A marker bracket was
found to give a better retention of the desired-trait
allele than a single marker and triallelic markers
were better than diallelic markers, giving a reten-
tion of almost 50%. The earlier that preselection
of parents (on informativeness) took place the
better the overall result; preselection should
occur preferably in the base populations.
Preselection could make marker alleles unique to
alternative base populations and markers would
effectively become fully informative. Selection in
the base populations might not be possible or not
desirable, for example, because of the available
number of individuals. This is unlikely to be a
problem when parents are paired up to exclude
any common marker alleles.
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Introduction

To carry out effective introgression of a valuable
gene from a donor population into a recipient
population the different alleles of this gene
should be directly identifiable. Currently, much
work is directed at finding the position of func-
tional genes (e.g. in pigs: Ellegren et al. 1994;
Rohrer et al, 1994; Archibald et af. 1995) but,
often, direct identification cannot be achieved
and markers have to be used to identify the alle-
les of interest. Markers can also be used to deter-
mine the source (donor or recipient population)
of the background genotype.

A number of authors have looked into the pos-
sible benefits of MAI (marker-assisted introgres-
sion). Most authors assumed complete identifi-
cation of the introgressed allele and only used
markers to identify the source of the rest of the
genome (Gama ef al. 1992; Hospital et al. 1992;
Hillel et al. 1993). The markers they used were
fully informative. Groen & Smith {1995) touched
upon the problem of markers that were not com-
pletely informative by simulating a situation
where a marker allele, which is fixed in the
recipient population, also occurs in the donor
population at a low frequency. However, there
was still an allels, unique to the donor popula-
tion, which could be used to reliably identify
the introgressed trait allele. Visscher et al
(1996} also considered identification of the
introgressed gene using markers. They looked at
a QTL ({quantitative trait locus) to be intro-
gressed at a known as well as at an estimated
position, where selection was on nearby mark-
ers. They concluded that, as long as selection
was on marker haplotypes covering the likely
position of the QTL, the introgressed allele
would not be lost. Marker alleles were unique to
alternative base populations.

In Van Heelsum ef al. (1997) the approach of
Visscher et al. (1996} has been extended to
non-unique mearkers for identification of the
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introgressed major gene and the background
genotype. It was concluded that using markers
with alleles that are not completely unique to
the donor population (to identify the desirable
trait allele), as if they were unique, can be very
ineffective. They suggested that distinguishing
between all available marker genotypes, rather
than selecting all individuals with one or two
desired marker alleles per locus, could be a bet-
ter option. In this paper this distinction is
made. The probability of presence of the trait
allele of interest was calculated for all different
marker genotypes, and ranking and selection
took place accordingly. The aim of this work
was to discover if this approach gained a better
retention of the desired trait allele when
marker alleles were not unique to the base pop-
ulations. The efficiency of this criterion in a
backecrossing scheme was assessed for a single
marker and a marker bracket and for diallelic
and triallelic markers,

Van Heelsum ef al. (1997} also looked at selec-
tion against marker homozygotes because they
produce gametes with identical marker geno-
types, which makes identification of the desired
major gene allele impossible. This approach
slightly improved the results, so in this paper a
similar approach was investigated, but in combi-
nation with selection on probability, to study if
the retention of the introgressed trait allele could
be further improved. This paper focused solely
on the effectiveness of the introgression itself
(during the backcrossing phase), and ignored
selection to recover the recipient (background)
genotype more quickly. This seems a reasonable
starting point because a proper identification of
the introgressed allele has to be achieved first,
before one can think about more complicated,
although perhaps more realistic introgression
programmes. Furthermore, Van Heelsum ef al
(1997) showed that the background genotype
does not influence the introgression result when
no selection on background genotype takes place.

Models and methods

Introgresson

Introgression of the trait allele takes place by
backcrossing first-cross (F,} individuals (the
product of crossing a donor and a recipient line
or breed) to the recipient population, producing
five subsequent backcross gemerations. The
intercrossing phase, which would normally fol-
low the backcrossing phase of an introgression
programrme, was not investigated in this study.
The introgressed gene was assumed to be a gene
with a major influence on a valuable trait, which
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is not phenotypically identifiable at the moment
of selection (e.g. disease resistance, litter size).
The major gene was assumed to have two alle-
les, T1 and T2: the donor population was fixed
for allele T1 and the recipient population for
ailele T2. The population sizes were assumed to
be infinite. From the starting frequencies of
marker and major gene alleles in the base popu-
lations, the recombination rate and a selection
strategy, the frequencies of all possible geno-
types in the following crossbred populations
were calculated.

Selection

Selection started in the first backcross (BC,).
Selection decisions were based on the individual
marker genotypes; neither the major-gene geno-
types nor the parental genotypes were assumed
to be known and so the linkage phase between
two markers was also unknown. This situation is
similar to the one described by Van Heelsum et
al. {1997}, where all genotypes were selected that
had one or two marker alleles thought to be
linked with the desirable trait allele, so the
selected fraction was not a parameter.

In this study, selection was on probability of
carrying the desired-trait allele. The probability
was calculated as the expected fraction of indi-
viduals having a copy of the desired-trait allele
within a group of individuals with the same
marker genotype. Individuals with the highest
probabilities of carrying the desired-trait allele
were selected; these were of one or more geno-
types depending on their frequencies in the un-
selected population and the sslected fraction.
Marker genotypes were ranked according to the
probability and the next genotype in rank was
not selected until all animals with the higher
scoring genotype were used. If several genotypes
ranked the same, equal proportions of these
genotypes were selected.

From BC, onwards, the selected fraction pre-
dicted which genotypes were selected, which
alleles were produced, how high genotype fre-
quencies were and which marker genotypes had
the highest probability of having T1 in the next
generation. The probabilities declined over gen-
erations and the ranking of the marker genotypes
according to their probabilities of carrying the
desired-trait allele did not necessarily stay the
same.

Three situations were studied: selection using
a single diallelic marker, selection using a dial-
lelic marker bracket and selection using a trial-
lelic marker bracket.

Single marker. The recombination rate r
between the marker and the major gene was set
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to 0. The allele frequencies for allele 1 were 6-9
and 0-1 (and therefore ¢-1 and 0-9 for allele 2} in
the donor and recipient populations respec-
tively. Selection on probability was compared
with selection in two steps: first, marker geno-
types were ordered according to marker het-
srozygosity (individuals heterozygous on a
marker locus were selected in preference to
homozygotes); and second, further ordering,
based on probabilities, took place within het-
erozygosity class, Van Heelsum ef al {1997)
showed that by adding selection against marker
homezygotes a somewhat better retention of the
introgressed allele could be achieved. A back-
cross individual that is homozygous for the
thought-to-be favourable marker allele will pro-
duce two types of gametes that cannot be distin-
guished: one type will contain the favourable
T1-allele but the other type will have the
unfavourable T2-allele. Tracing the marker alle-
Ies to the correct base population will only be
possible in individuals heterozygous for the
marker.

Marker bracket. When a marker bracket was
used, selection was always on heterozygosity
and probability. The major gene was placed 4
centimorgans (cM) from marker A and 6 cM
from marker B, giving recombination rates r,
and ry between major gene and marker A and B,
respectively, of 0-0384 and 0.0565, assuming
Haldane’s mapping function, Starting frequen-
cies of marker allele 1 in donor and recipient
populations respectively were 1.0/0-0 (com-
pletely informative markers), 0-9/0-1, 0.7/0-3,
0-5/0-5 (completely uninformative markers),
0-2/1-0 {comparable with Groen & Smith 1995}
and 1-0/0-2 for both markers.

Triallelic markers. Using triallelic markers the
frequencies for A1, A2, A3, B1, B2 and B3 were
0.7, 0-2, 0-1, 0-1, 0-2 and 0-7 in the donor popu-
lation and 0-1, 0-3, 0-6, 0-6, 0-3 and 0-1 in the
recipient population. Selection was on het-
erozygosity and probability.

Results
Single diallelic marker

Figure 1, A & B, shows the percentage of animals
with the desired-trait allele over five generations
of backerossing, where selection is on probabi-
lity of presence of the introgressed allele
(Fig. 1A) or on heterozygoesity as well as proba-
hility (Fig. 1B), using a single diallelic marker,
for selected fractions between 0-001 and 1-000.
The striking features of Fig. 1A are the peak in
the percentage of animals with the desired-trait
allele, showing an optimum selected fraction of
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0-57 {in BC;), and the steep drops for only small
changes in selected fraction (for a selected frac-
tion just over 0-05 in BC, and 0-08 in BG;). Both
graphs show horizontal lines for the most
intense selection.

These observations can be explained as fol-
lows. For one marker with two alleles three dif-
ferent marker genotypes occur: A1A1, A1AZ and
A2A2, with frequencies in BC, of 0-05, 0-50 and
0-45, respectively. The probability of the pres-
ence of the T1-allele is always highest for A1A1
individuals (in BC,) because they always have
one Atl-allele that comes from the crossbred par-
ent, whereas in heterozygotes there is always a
chance that allele A1 stems from the recipient
parent. However, in later generations for high
selection intemsities, probabilities can some-
times be equal for ATA? and A1AZ2 individuals.
For all selected fractions smaller than 0-05 the
same genotypes will be selected in each genera-
tion {A1A1 only in BC;, BC; and BC;; both
Al1A1 and A1A2 in BG, and BGC,), resulting in
the horizontal lines (equal percentages of ani-
mals with the desired-trait allele) shown in both
Fig. 1A and Fig. 1B.

Increasing the selected fraction above 0-05
implies the selection of A1A2 individuals as
well, which gives improved retention of the
introgressed allele over more than two backcross
generations, until all A2AT and A1A2 individu-
als are selected. The optimum selected fraction
of 0-57 over five backcross generations is some-
what higher than 0-55 (the frequency of A1A1
and ATA2 in BC,), because the frequencies have
increased owing to selection, and will increase
slightly mare over further generations of back-
crossing.

If selection is based also on heterozygosity
the priority of the A1A1 and ATA2 genotypes is
reversed and horizontal lines oceur for selected
fractions up to 0-50. A higher selected fraction
means the additional selection of A1A1 indi-
viduals, which have a higher probability of hav-
ing T1 in BC, than A1A2 individuals, resulting
in a skightly better retention of the introgressed
allele in BC,. However, A1A1 animals produce
uninformative (indistinguishable} gametes, so
the percentage of animals with T1 will halve
from their offspring to grand offspring,
Heterozygotes for the marker do produce distin-
guishable gametss, accounting for the better
retention of T1 using selection on heterozy-
gosity, shown in Fig. 1B.

The drop in percenlage of animals with the
desired-trait allele for a selected fraction just over
0-05 (BC,) and 0-08 (BC,), when selection is on
probability only (Fig. 1a). is caused by the addi-
tion of another genotype to the selected group in
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the greai-grandparent generation, which alters
the probahilities in the grandparent generation.
For example, when in BC,, apart from AlA1
individuals (with the highest probability}, a very
small fraction of A1A2 individuals is also
selected, A1A1 and A1A2 individuals in BC, no
longer have equal probabilities. A1A1 individu-
als score slightly higher, so only they will be
selected instead of equal fractions of both geno-
types {and A1A2 has a much higher frequency
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Fig. 1. Percentage of animals with the desired-trait allele, over five generations of
backerassing, for selected fractions between 0-601 and 1.000. Selection on the
trait allele was carried out by using one diallelic marker with starting frequencies
of alleles in donor and recipient populations of 8-9 and 0-1, and 0-1 and 0-9,
respectively.. There was assumed to be no recombination between marker and
major gene. A: selection on probability of presence of the desired trait allele.

B: selection on heterozygosity on the marker locus (starting in the first backeross
generation) and probability of presence of the desired-trait allele.
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in the unselected population). This results in
uninformative offspring (BC;), and the percent-
age of animals with the desired-trait allele will
halve in the grand offspring (BC.) instead of
dropping slightly.

Diallelic marker bracket

Using a marker bracket rather than a single
marker further increases the effectiveness of the
introgression programme, The percentage of
individuals with the desired trait allele in BCy
for six different starting frequencies and selec-
tion on heterozygosity and prohability is shown
in Fig. 2. Fully informative markers (1-0/0-0)
give a retention of almest 50%, as long as only
doubly heterozygous individuals are selected.
For starting frequencies of 0-9/0-1 the decline
starts at a lower selected fraction and even with
intense selection only 45% of the individuals
still possess the valuable trait allele in BCs.
Completely uninformative markers (0-5/0-5)
always give the same low result, whatever the
selected fraction. Having marker alleles unique
to the donor population {0-2/1-0, so alleles A2
and B2 only occur in the donor with frequencies
of 0-8) gives a result equal to that of fully infor-
mative markers (for selected fractions smaller
than 0-4). Conversely, for starting frequencies of
1.0 and 0-2, resulis are much poorer.

Two markers with three alleles per marker

Figure 3 shows the results of using two triallelic
markers for selection on heterozygosity on the
marker loci and probability of presence of the
desired-irait allele. Figure 3 shows an fmprove-
ment over diallelic markers of about 1% at BC;,
although heterozygosity in the F; is comparable
with that of diallelic markers {81% for two alleles,
82% for three alleles; the same for both markers).
In Fig. 3 the horizontal stretch for the most
intense selection is a lot shorter than in Fig. 2
(starting frequencies 0-9/0-1) or Fig. 1b because
the frequency of the genotype with the highest
probability is much lower (as there are many
more different genotypes present). Selection
seems very effective: for some selected fractions
there is even an improvement of the retention of
the desired trait allele over generations (lines
cross over). The point where the line makes a
sharp downwards turn shifts to the right over
generations, reflecting an increasing number of
doubly heterozygous marker gemotypes with
high probability. The number of double het-
erozygotes with low probability decreases
because the next sharp turning point (upwards
this time) shifts to the left over generations. This
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line climb again, before it drops owing to addi-
tion of genotypes with (very) low probabilities. In
BC, there is a slight revival for a selected fraction
just over 0-88. At that point addition of doubly
homozygous marker genotypes starts, beginning
with A1A1B3B3, which has the very highest
probability of all marker genotypes in BC,.

Discussion

If marker alleles are not unique to the alternative
base populations, the source of alleles in cross-
bred individuals cannot always be identified.
One can think of two ways to deal with this
problem. First, by making full use of the limited
information available, retention of the intro-
gressed trait allele can be improved compared
with using the markers as if they were fully
informative. In this study we propose the ‘prob-
ability approach’ to do this. Second, marker alle-
les can be made unique to the base populations
by selection. This approach will be discussed
below. Presumably, retention of the introgressed
trait allele is essential for an introgression pro-
gramme because the reason for such a pro-
gramme would be to fix the allele of great impor-
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Fig. 2. Percentage of animals with the desired-trait allele in backeross generation
five for selected fractions between 0.001 and 1-000. Selection on the trait allele
was carried out by using two diallelic markers on 4 and 6 cM from the major gene.
Starting frequencies of allele 1 for both markers, in donor and recipient
populations, respectively, were 1-0/0-0, 0-9/0-1, 0-7/0-3, 0-5/0-5, 0-2/1-0 and
1-0/0-2. Selection was on heterozygosity on the marker loci {starting in the first
backcross generation) and probability of presence of the desired trait allele.
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tance in the newly formed synthetic population.
This allele might not have a clear, additive eco-
nomic value, but might give the synthetic a
unique trait that fills a niche in the market, or
might make a difference between life and death
of an individual (e.g. disease-resistance genes).
Therefore, eventually one would like to end up
with individuals not just carrying the desired-
trait allele, but being homozygous for that allele.

The probability approach, combined with
selection against homozygotes, was showntobea
fairly efficient method for retaining the desired-
trait allele over several generations of backcross-
ing, particularly if a marker bracket was used that
consisted of multiallelic markers. Achieving 50%
of the animals with the introgressed allele over
several generations of backecrossing is not pos-
sible because of recombination.

Retention of the introgressed allele could be
further improved by using fewer generations of
backcrossing than the five generations used
here, but the recovery of the background geno-
type would be lower {a problem ignored in this
study). According to Hospital ef al. (1992), usu-
ally at least four generations of backcrossing
would be required to recover the background
genotype with use of markers. Van Heelsum et
al. (1997} showed that selection on background
genotype can severely impede the retention of
the desired trait allele. Although, for the same
starting frequencies, the results in this study are
better than any of the results in the earlier paper,
this is by no means a guarantee that the severe
loss of the introgressed allele after the first gen-
eration (with added selection on background
genotype on the same chromosome) will not
oceur.

If the same selected fractions are considered,
results from Van Heelsum &f al. (1997), for opti-
mal selected fractions, are almost identical to
the resulis of this study. In the simplest case
fusing a single, diallelic marker) small differ-
ences are caused by the slight variations in
selected fraction [0-55 in BC, and 0-39 in later
generations in the work of Van Heelsum et al.
(1997); 0-57 in this study) and a difference in
recombination rate (0-0099 in the work of Van
Heelsum ef al. (1997); 0 in this study).
Heterozygosity/probability  selection  gives
always better results when the selected fraction
is decreased, whereas Van Heelsum ef al. {1997)
found that more intense selection implied ran-
dom selection within the group of animals with
one or two copies of the marker allele. This will
not improve results and is potentially risky
because, by chance, one might select only
homozygotes and lose the introgressed allele
more quickly than expected.
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Triallelic markers give a better retention of the
introgressed allele than diallelic markers
because triallelic markers allow for a greater
pumber of different genotypes, which enables
more discrimination between individuals, More
markers will not necessarily give better reten-
tion, because a marker outside a marker bracket
(with the introgressed gene known to be within
the marker bracket) does not add any informa-
tion about the introgressed gene. An increased
number of markers could be useful for decreas-
ing the length of the donor genome around a
QTL {Hospital et al. 1992), or when the exact
paosition of the QTL is not known {Visscher et al.
1996). More markers could also be useful if
informativeness is not required of all markers;
e.g. if the closest marker is not informative but
the next marker is, then this one can be used for
selection. This might be particularly useful if
allele frequencies are similar in the alternative
base populations, and when numbers of animals
are severely limiting.

The other way to deal with non-unique mark-
ers was preselection of parents on uniqueness of
marker alleles. This will be most effective when
carried out in the base populations, so individu-
als selected from the first population have no
alleles in common with individuals selected
from the second population. For diallelic mark-
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Fig. 3. Percentage of animals with the desired-trait allele, over five generations of
backcrossing, for selecied fractions between 0-0¢1 and 1-000. Selection on the
trait allele was carried out by using two triallelic markers on 4 and & ¢M from the
major gene. Sterting frequencies of alleles of marker A were 0.7, -2, 0-1 and 0-1,
0-3, 0-6; of marker B they were 0-1, 0-2, 0-7 and 0-8, 0-3, 0-1 in donor and recipient
pepulations, respectively. Selection was on heterozygosity on the marker loci
(starting in the first backcross generation) and probability of presence of the

desired-trait allele.
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ers the starting frequencies are then, effectively,
1-0/0-0. Preselecting donor individuals might
not always be possible because the individuals
are no longer available. The next best solution
might be to preselect F; individuals on het
erozygosity (although F; animals would nor-
mally not be typed because all are known to
have one copy of the desired major-gene allele),
and/or to preselect only recipient individuals on
unique alleles.

Selecting recipient (or donor) animals on
marker genotype might not be desirable because
it can severely restrict the number of available
individuals. Even if sufficient animals were
available, selection on hackground genotype
will be less intense, so the crossbred population
will lag even more behind the selected recipient
nucleus for traits not influenced by the intro-
gressed allele (Gama et al. 1992].

However, the effect on numbers available can
be restricted by pairing-up parents in a manner
that excludes common marker alleles, rather
than the whole population not having any alle-
las in common. For a diallelic marker this would
mean that both mates need to be homozygous for
the alternative alleles to give only informative
offspring; if one of the parents is heterozygous,
50% of the offspring will be homozygous and
thus uninformative. If populations have to be
imnique, and, for example, a single diallelic
marker is used for which allele 1 has starting fre-
guencies of 0-9 and 0-1 in the donor and recipi-
ent population, respectively, 81% of the indi-
viduals of both populations could be used (if
100% informative offspring is required); 99%
and 81% of the respective populations could be
used if the result of 91% informative (heterozy-
gous} offspring is sufficient. If only pairs have to
be unique, 82% of both populations could be
used. The difference is much greater if starting
frequencies are 0-5/0-5: only 25% of both popu-
lations could be used for 100% informative off-
spring when populations need to be unique,
against 50% of both populations when unique-
ness is only required within mating patrs.

When the number of markers that need to be
unique increases, numbers will be more limit-
ing. On the other hand, if only informativeness
is required from one of the available markers,
and the pairing up is carried out carefully, it will
nearly always be possible to produce a high per-
centage of informative offspring.

Maore alleles per marker will widen the choice
for selection only on pair level. Rohrer et al
(1994} report that microsatellite markers in pigs
have, on average, 5-8 alleles, so a problem with
finding a suitable mate might not easily occur in
a practical situation. They also give values for
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the average heterozygosity levels for microsatel-
lite markers in several crosses between pig
breeds. For a cross between White Compaosite
boars and Chinese sows they report an average
heterozygosity of 81-4%, which is close to the
values assumed in this study.

If preselection of (base) parents is not possi-
ble or less desirable, the probahility approach
seems to offer a good alternative. Although the
retention of the desired trait allele is good if
selection is purely on the introgressed allele,
the reliability has not been proven for applica-
tion in combination with selection on back-
ground genotype. It is not straightforward to
calculate the probabilities for larger, and with
that more diverse, genotypes by using the cur-
rent method, but this could be subject of fur-
ther study. Additionally, it would be interest-
ing to look at an introgressed gene that has a
known, quantifiable effect, rather than a major
gene with a practically infinite value. In combi-
nation with the background genotype, one
could determine the size of the major gene
effect needed to make an introgression pro-
gramme feasible, and to enable a comparison
between introgression and other breeding
schemaes.

The backcrossing phase of an introgression
programme would normally he followed by an
intercrossing phase, which is not investigated in
this study. The aim of the intercrossing phase is
to fix the introgressed allele in the synthetic pop-
ulation, therefore producing animals homozy-
gous for the desired allele. Groen & Smith (1995)
found that with a marker allele unique to the
donor population and selection on genomic sim-
tlarity, 100% of the animals in the second infer-
cross generation had at least one copy of the
desired-trait allele. Although the informative-
ness of the markers they used will be reduced by
recombination, identification of hoemozygotes for
the desired trait allele was good enough to
quickly fix the desired allele in the synthetic
population. Presumably, in this study, the prob-
lems in identifying the desired trait allele occur-
ring in the backecrossing phase, when there is no
marker allele unique to the donor population,
will be extended to the intercrossing phase. The
unreliable identification of the trait alleles also
affects the distinction between homozygotes and
heterozygotes for the trait allele, making com-
plete fixation more difficult.

A point of further research could be the poten-
tial use of phenotypic information, gathered in
the process of backcrossing. Although pheno-
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typic information has a number of disadvan-
tages compared with marker information (often
only available later in life, sex dependent, influ-
enced by environment, etc.), it could be used to
update the estimates of major gene size and
position in order to make selection on the major
gene, by using markers, more effective in follow-
ing generations.
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