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Abstract

The maintenance of genetically differentiated populations can be important for several reasons (whether for wild species or
domestic breeds of economic interest). When those populations are introgressed by foreign individuals, methods to
eliminate the exogenous alleles can be implemented to recover the native genetic background. This study used computer
simulations to explore the usefulness of several molecular based diagnostic approaches to recover of a native population
after suffering an introgression event where some exogenous alleles were admixed for a few generations. To remove the
exogenous alleles, different types of molecular markers were used in order to decide which of the available individuals
contributed descendants to next generation and their number of offspring. Recovery was most efficient using diagnostic
markers (i.e., with private alleles) and least efficient when using alleles present in both native and exogenous populations at
different frequencies. The increased inbreeding was a side-effect of the management strategy. Both values (% of native
alleles and inbreeding) were largely dependent on the amount of exogenous individuals entering the population and the
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Introduction

Mixing populations may improve fitness by avoiding inbreeding
depression [1], but it can also have negative consequences. One of
those is outbreeding depression due to hybridization and break up
of co-adapted gene complexes (when local adaptation exists) which
can lead to extinction in both wild and domestic populations [2,3].
Invasive species can also represent a significant and often
irreversible threat, affecting human health, economic losses or
disruption of ecosystems when autochthonous species are replaced
[4]. When dealing with farmed animals, interbreeding can also be
undesirable. Several domestic breeds are associated with quality
products of economic interest (e.g., lberian pigs, Reggiana dairy
cows), directly linked with their pure genetic background [5].
Purebreds are also required for activities and competitions or just
for aesthetic reasons as for breeds of horses and dogs [6,7].

Introgression can be particularly risky for endangered popula-
tions of wild animals threatened by their domestic relatives. This
situation, more frequent than expected, increases because of
human-mediated actions [8]. Examples have been documented in
many species:: wild and stocked grayling (Thymallus thymallus) 9],
wild and domestic cats (Felis silvestris catus and F. silvestris spp.) [10],
european mink (Mustela lutreola) and polecat (M. putorius) [11], wild
and domestic American mink (Neovison wvison) [12], wild and
domestic partridges (Alectoris rufa and A. graeca) [13], and wild and
domestic quail (Coturnix japonica and C. coturnix) [14]. In these
examples, introgression is a threat to the native species, which is
vulnerable because it is being replaced. This gene flow can imply
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that important species in some ecosystems become more
endangered, so actions should be taken to preserve them.

In farmed animals, crossbreeding of local breeds with more
productive ones has often led to the loss of specific adaptations.
This should also be reversed to preserve the particularities of the
indigenous breeds which possess gene combinations and special
adaptations (e.g., disease resistance, adaptation to harsh condi-
tions) not shown in other breeds [15,16].

In a previous study [17], different scenarios were simulated to
try to cover the complexity of the introgression events, varying the
number of foreign individuals entering the population and the
number of generations elapsed before recovery management
began. In that study, the information of the pedigree (complete
since the introgression took place) was used to select which
individuals should contribute to the next generation in order to
remove non-native alleles. Among the tested methods, minimisa-
tion of the coancestry with the foreign founders provided the best
results regarding the amount of exogenous genetic material
eliminated. This strategy allowed to remove part of the exogenous
alleles in most scenarios. However, even small introgression
phenomena (i.e., few foreign individuals and few generations of
admixture) could lead to irrecoverable situations, encouraging
strict control of the populations and rapid action in case of
undesired introgression. The study also pointed out the problem of
increased inbreeding and coancestry associated with the removal
process.

As many studies have shown, molecular markers can help in the
detection of hybrids and in the discovery of introgression events
[18]. Therefore, it would be expected that they can also be used to
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accomplish the opposite task (i.e., identifying purer individuals,
helping in the removal of exogenous alleles from the population).
Thus, the objective of this study was to analyse, through computer
simulations, the efficiency of several marker based methods to
remove undesired exogenous alleles from a mixed population. The
study assumes a tight control on the reproductive process that is
only feasible in captive populations. In wild populations, it would
require an ex-situ program to control the individuals for the de-
introgression process and, afterwards, a reintroduction of the
purest individuals into their natural habitats. The methods could
be easily applied in farmed animals, as they are already routinely
managed. Several scenarios where exogenous genetic information
was admixed in a native population were simulated. Then,
molecular marker based techniques were used to recover the
native background.

Methods

Population structure

We considered individuals from two different populations
(native and exogenous, harbouring different genetic information).
We assume that, at some point, several foreign individuals entered
the native population (introgression event), and mated randomly
for a variable number of discrete generations (admixture period).
After that, ten discrete generations of management were
simulated. Base populations with two different sizes, 100
individuals and 20 individuals (50% males and 50% females),
were simulated with a constant size and sex ratio along
generations. One hundred individuals could represent a typical
population size for local breeds of domestic animals. Twenty
individuals is a more realistic scenario when dealing with
conservation programs of endangered wild species, which usually
have smaller population sizes.

Two factors determined the different introgression scenarios.

Number of exogenous individuals. In the population with
100 individuals, 10 to 50 exogenous individuals (sexes randomly
assigned in each replicate) were included as part of the base
population. The remaining individuals, up to 100, were native, to
complete the base population, implying an introgression percent-
age of 10 to 50%. In the population with 20 individuals, the
percentage of simulated introgression was the same (10-50%) by
including 2, 4, 6, 8 or 10 exogenous individuals in the base
population and completing up to 20 with native individuals.

Number of generations without management (admixture
period). One to five generations with random contributions and
mating were simulated prior to management, to simulate the
admixture of the foreign alleles that were included in the base
population into the native genetic pool. Each offspring was
generated by randomly sampling parents with replacement.

The genome of each individual was made up of one 20 M
chromosome, with a total of 2000 multiallelic loci (non-marker
loci). Individuals in the base population (all non inbred and
unrelated) carried two different alleles at each locus and, thus,
were all heterozygous (the number of alleles per locus in
generation 0 was 200 or 40, for N=100 or N= 20, respectively).
Thus, the situation was completely informative regarding the
maintenance of diversity. Besides, the origin of each allele (native
or exogenous) could be determined, and consequently was useful
for the evaluation of the recovery efficiency. These 2000
multiallelic loci were used to evaluate the efficiency of the methods
in eliminating exogenous alleles and the consequences on the
global genetic diversity. When creating gametes, a Poisson
distributed (A =20) number of crossing-overs (one crossover is
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expected on average in each Morgan) with no interference were
generated in random positions over the chromosome.

Additionally, markers were simulated (evenly spaced along the
genome) to be used in the removal of the foreign alleles. Different
situations were considered:

Diagnostic markers. Five to 20 biallelic markers were
simulated. In the base population, all native individuals were
homozygous for allele 1 in all markers, and all foreigners were
homozygous for allele 2. Therefore, alleles were private for native
or foreign individuals (see Table 1).

Diagnostic-like markers. Five to 20 biallelic markers were
simulated. The two alleles in each marker were present in both
populations with very different frequencies. In the native
population, allele 1 was present at frequency 0.8 and allele 2 at
frequency 0.2, while in the foreign population, the frequencies for
allele 1 and 2 were 0.2 and 0.8, respectively. This distribution of
frequencies was simulated to mimic a scenario where alleles are
thought to be private but they are not. To further investigate the
consequences of this erroneous assumption, extra simulations were
run with different sets of frequencies (see Table 1).

Non-Diagnostic. Iive to 20 markers with four alleles each
were simulated. Frequencies of the alleles in the original native
and foreign populations are shown in Table 1 and were assumed
to be known without error.

Management

The populations were managed over 10 generations to recover
the native genome.

Diagnostic and diagnostic-like markers. In every gener-
ation of management individuals with the highest number of native
alleles were chosen to be parents of the next generation. In the
diagnostic markers scenarios, native alleles were those exclusive of the
native population, and in the diagnostic-like scenarios, native alleles
were those with the highest frequency (0.8) in native individuals.
Both strategies consider the markers as diagnostic, but in the
diagnostic-like scenario the allele is always considered to be native,
although it is exogenous in 20% of the cases. In that manner we
were able to consider the consequences of assuming a marker is
diagnostic when it was not.

Table 1. Combinations of frequencies in the native and the
exogenous population of each possible allele in each type of
marker simulated.

Allele 1 Allele 2 Allele 3 Allele 4

Marker type Population Freq. Freq. Freq. Freq.

Diagnostic Native 1 0 — —
Exogenous 0 1 — —
Diagnostic-like Native 0.80 0.20 — =
Exogenous 0.20 0.80 — —
Extra Diagnostic-like Native 0.7 0.3 — —
0.8 0.2
0.9 0.1
0.95 0.05
0.99 0.01
Exogenous 0.5 0.5 — —
Non-Diagnostic Native 0.80 0.07 0.06 0.07
Exogenous 0.07 0.80 0.06 0.07

doi:10.1371/journal.pone.0049409.t001
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Thus, among all individuals available in each generation, only
those with the maximum number of native alleles contributed to
the next generation (at least one male and one female should be
selected to allow the contributions from both sexes to be the same).
For example, in the extreme case of just one female with the
maximum number of native alleles, this female will be the mother of
all the offspring. According to this procedure, the number of
individuals contributing offspring was not the same in each
generation of management. When more than one individual had
the same (and maximum) number of native alleles (the most likely
situation), contributions were randomly allocated to any of the
individuals in this subset, so the contributions could be different in
each individual.

Non-Diagnostic markers. To recover the native back-
ground, the contributions to the next generation were decided
by minimising the expected genetic distance between the original
native population (with frequencies assumed known without error)
and the current population. Three genetic distances were
considered:

Cavalli-Sforza and Edwards Chord Distance [19]

M Am
Dch = Z 2(1 - Z \V p;mpam)

Nei’s Minimum Distance [20,21]

D _Jx-i-Jy
miz_JXY
where
M Am
po2
JX: am
2.2
M Am 2
Pam
Jy=
2.2
M Am ’
p(l”lp{,”‘ﬂ
Jxr=
2.2

Rullback-Leibler Divergence [22]

M Am p/ 2
KL= Pinlog (Tm)

ai

In all cases, 4,, is the total number of alleles in locus m, M is the
total number of marker loci, p,, is the frequency of allele @ at locus
m in the original native population, and p’,, is the expected
frequency in the next generation due to a particular scheme of
contributions (i.e., certain number of offspring per parent). This
can be calculated as follows:

N
/
Pun= E Ci&iam

i=1
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where N is the number of individuals, ¢; is the relative contribution
of individual 7 to the next generation, and g; ., is the probability of
gametes from individual ¢ carrying allele a of marker m (1 for
homozygotes aa, 0.5 for heterozygotes and 0 for individuals not
carrying allele a).

All the optimizations were solved using simulated annealing
algorithms [23,24]. Once contributions were decided, minimum
coancestry matings were arranged in all cases using the Hungarian
algorithm [25]. Twenty replicates per scenario were simulated and
results presented are averages across replicates.

The pedigree of the populations was recorded during the two
periods (i.e., admixture and management), but never used in the
management.

Measuring the consequences of management

For every generation, the native founder representation was
calculated (i.e., the proportion of alleles, calculated from non-
marker loci, coming originally from native founders), to evaluate
the efficiency of the strategies in the de-introgression task (removal
of foreign alleles). Inbreeding coefficient and mean coancestry
values were calculated from the pedigree data. Additionally,
observed homozygosity was computed from the non-marker
multiallelic loci.

Results

Native representation

Results for native representation (i.e., the proportion of alleles
coming from native founders, VR) are shown in Fig. 1 for five to 20
diagnostic, diagnostic-like, and non-diagnostic markers in the population
with 100 individuals. As expected, the results obtained with the
diagnostic markers were the most efficient of the three types. In all
cases there was some recovery using diagnostic markers, and
complete recovery of the native background in cases when the
admixture period was short. When using diagnostic-like markers the
usefulness decreased because of the assumption of them being
diagnostic, but still, there was some recovery must be noted. The
degree of recovery of the native background was always lower than
with the diagnostic markers, but the differences were small,
particularly in scenarios with a long admixture period (5
generations). The influence of the number of markers used in
the management is also notable, with higher levels of information
(more markers) yielding better results.

More detailed results are shown in Table 2 for 20 diagnostic-like
markers with several native allele frequencies and intermediate
frequencies of the alleles in the foreign population (i.e., 0.5/0.5), in
scenarios with an admixture period of five generations and after
ten generations of management (population N = 100). As expected,
the greater the frequency of the native allele, the higher the removal
of undesired introgression as we approached the diagnostic scenario,
even though the frequency of the native allele in the exogenous
population was high.

In all cases, the maximum NR was reached after three to four
generations of management and, in cases with little introgression,
the recovery was complete after just one generation of manage-
ment (data not shown).

The number of exogenous individuals that entered the native
population is also a key factor to determine the potential of success,
with more exogenous individuals making the situation irrecover-
able.

It must be pointed out that in scenarios with a long admixture
period, the possibilities of recovery were quite low, even when
using information from many markers (see Fig. 1 and Table 2).
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Figure 1. Native representation under the different management strategies (N=100). Values shown are those obtained at the 10™
generation of management. Upper panel: Diagnostic markers, Medium panel: Diagnostic-like markers, Lower panel: Non-Diagnostic markers. a) one
generation of admixture b) three generations of admixture, c) five generations of admixture. Vertical bars represent the 95% percentiles.
doi:10.1371/journal.pone.0049409.9001
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Table 2. Results obtained for Native Representation (NR) and inbreeding coefficient (F) after managing during 10 generations with
20 diagnostic-like markers with different native allele frequencies (admixture period of 5 generations).

Native allele frequency Num. exogenous individuals

10 20 30 40 50
0.70 NR 0.929+0.008 0.840+0.012 0.735%0.012 0.649+0.015 0.584+0.019
F 0.417%0.013 0.443+0.009 0.456+0.008 0.462+0.009 0.483%+0.010
0.80 NR 0.930+0.008 0.866+0.012 0.785*0.019 0.714x0.017 0.588+0.017
F 0.334%0.015 0.365+0.009 0.395+0.009 0.412+0.011 0.466+0.010
0.90 NR 0.950+0.007 0.867+0.011 0.792%0.017 0.722*0.017 0.620%+0.017
F 0.245+0.012 0.300%0.012 0.345+0.009 0.355*0.014 0.369+0.011
0.95 NR 0.952+0.006 0.893+0.011 0.803*0.015 0.732%0.018 0.638%+0.016
F 0.208*0.013 0.249+0.011 0.309%0.010 0.336*0.012 0.371%+0.012
0.99 NR 0.954+0.004 0.903x0.010 0.814%0.012 0.729*0.016 0.640*+0.016
F 0.099+0.005 0.191£0.013 0.2660.009 0.313%£0.014 0.346%+0.012

doi:10.1371/journal.pone.0049409.t002

Results obtained minimising any of the three genetic distances
(using the information of the non-diagnostic markers) were similar
and, consequently, only the results for the minimisation of the
Kullback-Leibler Divergence (KL) are presented (Iig. 1, lower panel). As
in the other scenarios, the ability to recover the original
background by minimising AL depended on the length of the
admixture period. In cases with a short admixture period, a good
percentage of native representation could be recovered, even with
many introgressed individuals (40-50%). Notwithstanding, in
those scenarios with larger admixture periods the restoration was
minimal. Again, the recovery increased with the number of
markers.

It is remarkable that diagnostic-like markers performed better (i.c.,
leads to higher levels of NR) than the non-diagnostic markers in all
situations, irrespective of the length of the admixture period or the
number of exogenous individuals. Results for both types of
markers are comparable despite the fact that the number of alleles
was not the same, because the frequency of the most common
allele was the same in both simulations. Hence, if markers had four
alleles at frequencies 0.8/0.07/0.06/0.07 (as in the non-diagnostic
scenario), managing with the diagnostic-like method would imply
choosing the native allele as the most frequent and taking no action
for the rest of alleles, even if there is only one, or three more.

Some other simulations were carried out with different
combinations of frequencies and numbers of alleles (data not
shown). Results were always linked to the differences in the
frequencies between both populations. Cases with a large number
of alleles gave lower values of recovery because allele frequencies
become more similar between native and foreign populations,
making it impossible to discern the origin of alleles.

The results for native representation in the population with 20
individuals (data not shown) had the same pattern as for 100
individuals. The best results were obtained with diagnostic markers,
with diagnostic-like markers performing better than minimising the
genetic distances in all scenarios, confirming the ranking in the
efficiency of the methods. However, the percentage of native
genome recovered in the simulations with 20 individuals was
slightly lower in all cases, especially when the percentage of
introgression was high (40-50%). Scenarios with an admixture
period of five generations were almost irrecoverable (irrespective of
the method) pointing out the importance of acting soon, especially
for small populations.

PLOS ONE | www.plosone.org

In all cases the frequency of the native allele in the foreign population was 0.5.

Inbreeding coefficient

Trends for mean coancestry and inbreeding coefficients were
similar. Consequently, only the levels of inbreeding (F) after ten
generations of management are presented in Iig. 2, for five to 20
markers of the three types. The increased inbreeding is a clear
side-effect of the de-introgression process when managing with
either diagnostic or diagnostic-like markers. The F values were higher
in cases with more introgression to remove. This is because the
method restricts the number of individuals contributing to the next
generation. When the levels of introgression are higher, fewer
individuals are expected to be pure, and, thus, selecting fewer
individuals to reproduce will raise inbreeding levels more quickly.

When evaluating scenarios with diagnostic-like markers, the
increase in inbreeding was more pronounced than with the
diagnostic markers. This was observed for all scenarios (Fig. 2 and
Table 2). The increase in inbreeding (as a consequence of the
method) was higher with a lower frequency of the native allele. This
1s because the number of contributing individuals was lower than
with diagnostic management (data not shown). As the private allele
frequency was actually lower than in the diagnostic scenario (since
fewer individuals carry that allele), fewer individuals will be
selected and fewer will contribute offspring, thereby increasing
inbreeding. Moreover, these individuals are not the purest,
because the alleles are not really private, and the results of the
Native Representation are worse, as shown in Figure 1.

As mentioned before, the maximum NR was reached after 3 or
4 generations of management when there are no longer differences
in NR between individuals. Therefore, the method selects
contributions randomly in subsequent generations. From that
point on, management could be switched to a method devoted
exclusively to maintain diversity and avoiding the increase in
inbreeding, like minimum coancestry contributions [26].

No significant differences were found between using any of the
three genetic distances for de-introgression purposes (nor for
inbreeding results either), so only the AL results are presented in
Tig. 2 (lower panel). The increase in inbreeding due to the ten
generations of management was small in all cases. Lower F values
were obtained when using non-diagnostic rather than diagnostic or
diagnostic-like markers.

Inbreeding was higher in the population with 20 individuals
than in the N'= 100 simulations, due to the smaller population size.
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But as in the previous simulations, the same pattern was found
regarding the comparisons between type of markers and removal
strategies (data not shown).

To further analyse the consequences of de-introgression over
the increase in inbreeding, extra simulations were performed
including a restriction in the maximum number of offspring per
individual (5 or 10). Obviously, this restriction alleviated the
increase in inbreeding of the population, but reduced the power of
recovery. Notwithstanding, a significant recovery of the native
genome is still observed, as shown in Table 3. When the maximum
number of offspring was set to 10, the removal was still quite
effective, with an important decrease in inbreeding levels. Cases
with a more stringent restriction (maximum of 5 descendants per
individual) removed less exogenous alleles but with a smaller
decrease in F. This implies that each case can be studied
individually to remove the exogenous genome while simultaneous-
ly controlling for inbreeding, adapted to the particular character-
istics of the population.

Observed Homozygosity

The evolution of the observed homozygosity calculated from the
non-marker multiallelic loci (representing pedigree inbreeding at
the genomic level) agreed with the results obtained from the
inbreeding coefficient in all scenarios (data not shown). As the
2000 loci were completely informative in the base population,
observed homozygosity also measured the identity by descent,
providing the same results.

Table 3. Results obtained for Native Representation (NR) and
inbreeding coefficient (F) after managing during 10
generations with 20 markers of each type (N= 100, admixture
period of 5 generations) under the different inbreeding
control strategies (NR errors ranging between 0.003 and
0.016, F errors between 0.001 and 0.015).

Num. Exogenous individuals

Marker type F control 10 20 30 40 50

No restriction NR 0.980 0.942 0.874 0.802 0.749
F 0.169 0.261 0.361 0.435 0.482

Diagnostic

Max offspring=10 NR 0.969 0.914 0.836 0.769 0.699
F 0094 0.122 0.144 0.171 0.181
Max offspring=5 NR 0.958 0.897 0.816 0.728 0.651
F 0076 0.088 0.097 0.103 0.103
No restriction NR 0953 0.892 0821 0.754 0.671
F 0366 0404 0452 0502 0.544
Max offspring=10 NR 0.943 0.882 0.801 0.727 0.638
F 0.143 0.155 0.168 0.180 0.187
Max offspring=5 NR 0.934 0.868 0.780 0.687 0.609
F 0095 0.096 0.101 0.101 0.102

Diagnostic-like

Non-Diagnostic  No restriction NR 0.927 0.876 0.810 0.733 0.648
F 0.095 0.111 0.125 0.150 0.180

Max offspring=10 NR 0.929 0.877 0.803 0.727 0.643

F 0.091 0.096 0.104 0.117 0.126

Max offspring=5 NR 0.925 0.866 0.792 0.704 0.614

F 0.071 0.073 0.079 0.083 0.086

doi:10.1371/journal.pone.0049409.t003
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Discussion

When introgression of genetic material into a population is
undesirable actions can be taken to recover the original native
genetic pool and remove the exogenous alleles. Examples include
livestock populations of economic interest, or in natural popula-
tions, endangered by the introgression of exogenous invaders. FFor
a successful recovery, all the available information could be useful.
Genealogies have provided good results [17] but have several
limitations, including the requirement of a perfectly recorded
pedigree.

In the absence of a pedigree, molecular markers have been used
to detect introgression [18] and to differentiate between native and
exogenous origin when dealing with admixed populations [27]. In
this paper, we demonstrate that they can also be helpful in
removing exogenous alleles. Our results show that using molecular
markers works reasonably well and that the efficiency increases
with the number of markers, as expected.

The recovery was highest using diagnostic markers, because their
private alleles can identify clearly native and foreign origins of
alleles in the candidate individuals. Despite some examples of
private alleles that have been found at the level of species or
subspecies [28-30] private alleles are normally uncommon in
closely related populations [31]. Unfortunately, this is the most
likely situation when dealing with introgression.

Our results show that population size has an impact on the
recovery of the native genome indicating that the number of
individuals in a population is crucial in the de-introgression
process. A larger number of individuals increases the power of
recovery of these methods since there is a greater probability of
finding the purest individuals. In any case, the diagnostic markers
were able to remove some exogenous alleles even in the smallest
population, except for the most introgressed scenarios (admixture
period of 5 generations).

On the other hand, the diagnostic nature of a particular allele
may be false and only due to deficient information (e.g., when
there are not enough genotyped animals). Results from simulations
using diagnostic-like markers (i.e., incorrectly assumed to have
private alleles) showed that even with this incorrect information,
some percentage of native background can be restored. This is
true even in the worst case scenario, in which the allele considered
to be native can be present in the exogenous population at a
frequency as high as 0.5 (Table 2). Finding enough markers with
relatively extreme frequencies can lead to an acceptable recovery.

When we are aware of markers that are not diagnostic, relying
on genetic distances may also help recover much of the original
genetic background. The greater the differences between allele
frequencies in both populations, the greater the recovery. The kind
of markers required to apply the genetic distance strategy are more
common; the key factor is for the allele frequencies to be different
enough between the two populations. Nevertheless, treating them
as diagnostic by selecting the presence of the most frequent allele has
been proven to be more effective than minimising the AL
divergence (or any of the other two distances, which yielded equal
results). This happened in the two population sizes tested, although
the differences between diagnostic-like and non-diagnostic in the
population with 20 individuals was not so high.

Using markers as if they were diagnostic (as in the diagnostic-like
approach) instead of using genetic distances also has another
advantage. While genetic distances require good estimates of
frequencies in pure populations, as well as being sure that the
population used as a reference has the same genetic origin as that
in the process of de-introgression, selecting individuals based on
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the presence of an allele requires no assumptions about
frequencies.

In addition to the amount of information provided by the
markers, the probability of success in de-introgression is clearly
related to the percentage of undesired background introgressed in
the population and to the length of the admixture period.

The values of NR obtained when using pedigree information to
recover the native background [17] were very similar to those
achieved with the diagnostic markers and slightly higher than
managing with diagnostic-like and  non-diagnostic. Therefore, a
reasonable number of informative markers are enough to achieve
the same recovery without requiring the complete genealogy,
which is often not available.

Some extra simulations were carried out to test the efficiency of
the methods in a smaller genome (number of crossovers simulated
through a Poisson distribution with A =1, representing one
chromosome of 1 M). The efficiency of the methods increased
(Fig. S1) because the markers are now more informative, due to
the higher linkage disequilibrium between markers and the rest of
loci. The diagnostic markers are still the best approach to remove
the exogenous alleles, but the other two methods allow to recover
almost 100% of the native genome in the scenarios tested.
Notwithstanding, that genome length is very unrealistic for species
in conservation programs.

As with management based on pedigree [17], the de-introgres-
sion process using diagnostic and diagnostic-like markers implies an
increase of inbreeding due to the inherent reduction in the number
of contributing individuals, in both genome sizes (Fig. S2). The
theoretical effective size (M, calculated through increase of
inbreeding) in each generation of management varied throughout
the generations, being small at the beginning of the management
(N,=3-20 in the diagnostic, N,=2-15 in the diagnostic-like markers,
N,=30-50 in the non-diagnostic markers) and increasing (around
100) when the methods stopped working. It is not realistic to
manage a population with one female and one male, and, of
course, some kind of control on the loss of diversity should be
incorporated. However the restriction on the inbreeding rate (or
assuring a minimum number of individuals contributing to each
generation) cannot be generalised, because the particular value
will depend on the characteristics of the species and the genetic
structure of the population.

This side effect of the methods must be taken into account when
planning the management by deciding what rate of inbreeding
(4F) we are willing to accept in the process of recovery. As shown
in Table 3, explicit restrictions on a maximum offspring per
parent, which affects the minimum number of contributing
parents, may be implemented to avoid an excessively rapid
increase of F. Additionally, the number of generations used should
be limited to replace the management for de-introgresion with the
classical strategy to control the increase in inbreeding. Lengthen-
ing the period of removal may lead to little extra recovery with a
large rate of F, which may be unacceptable. After the maximum
MR has been reached, the goal of management should be to
maximise diversity. However, as it is not possible to predict when
maximum NR is achieved, it could be advisable to include the
restriction on AF as soon as management begins.

Whereas increasing the number of markers leads to a slight
improvement in the recovery of the native background, it also
increases inbreeding, particularly when wusing diagnostic and
diagnostic-like markers. The F values were high after managing
with a large number of these markers, suggesting another variable
to take into account in each situation to get the highest recovery,
while losing the least amount of genetic diversity.
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On the other hand, the inbreeding obtained by minimizing the
KL divergence was lower than with the other methods (irrespective
of the number of markers), which implies that the number of
individuals contributing descendants to the next generation is
higher. This must also be taken into account, especially when
dealing with populations where F needs to be controlled.

The F values obtained in the pedigree management [17] were
lower than those obtained with the diagnostic and diagnostic-like
markers, excluding cases with a small number of markers and
particularly cases with a lot of introgression.

As mentioned above, the acceptable value of 4F depends on the
situation and the information available must be assessed before
starting the process. In any case, we must be aware that control
over inbreeding during management will always imply a loss of
efficiency as shown in Table 3. It should be analysed every time,
deciding how many exogenous alleles and how much increase of
mbreeding is acceptable in each case.

Our results apply only to captive populations, where reproduc-
tive control is high. To de-introgress a wild population, a good
alternative would be to establish an ex-situ population, where the
proposed methods are to be applied, providing purer individuals to
be released into the natural population.

The conclusion from the present study is that a relatively small
number of markers can provide a good tool to remove undesired
introgression from a population. The use of this information can
lead to a substantial recovery, especially when the presence of
diagnostic markers or alleles is higher in the population of interest
than in the exogenous one. The importance of acting soon to
avoid irrecoverable introgression of the exogenous genome is a
main concern common to all methods (as in the pedigree
approach) and it highlights the importance of prevention to
control these populations as much as possible.

Supporting Information

Figure S1 Native representation under the different
management strategies in the 1 Morgan scenarios
(N=100). Values shown are those obtained at the 10™ generation
of management. Upper panel: Diagnostic markers, Medium panel:
Duagnostic-like markers, Lower panel: Non-Diagnostic markers. a) one
generation of admixture b) three generations of admixture, c) five
generations of admixture. Vertical bars represent the 95%
percentiles.

(TIF)

Figure S2 Inbreeding coefficient under the different
management strategies in the 1 Morgan scenarios
(N'=100). Values shown are those obtained at the 10™ generation
of management. Upper panel: Diagnostic markers, Medium panel:
Diagnostic-like markers, Lower panel: Non-Diagnostic markers. a) one
generation of admixture b) three generations of admixture, c) five
generations of admixture. Vertical bars represent the 95%
percentiles.

(TIF)
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