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Abstract
The adaptive potential of a population depends on the amount of additive genetic variance for
quantitative traits of evolutionary importance. This variance is a direct function of the
expected frequency of heterozygotes for the loci which affect the trait (QTL). It has been
argued, but not demonstrated experimentally, that long-term response to selection is more
dependent on QTL allelic diversity than on QTL heterozygosity. Conservation programs, aimed
at preserving this variation, usually rely on neutral markers rather than on quantitative traits
for making decisions on management. Here we address, both through simulation analyses and
experimental studies with Drosophila melanogaster, the question of whether allelic diversity
for neutral markers is a better indicator of a high adaptive potential than expected
heterozygosity. In both experimental and simulation studies, we established synthetic
populations for which either heterozygosity or allelic diversity was maximized using
information from QTL (simulations) or unlinked neutral markers (simulations and experiment).
The synthetic populations were selected for the quantitative trait in order to evaluate the
evolutionary potential provided by the two optimization methods. Our results show that
maximizing the number of alleles of a low number of markers implies higher responses to
selection than maximizing their heterozygosity.

Introduction
It is universally recognized that the evolutionary potential of a population is
proportional to its amount of genetic diversity, i.e. the variation in inheritable
characteristics possessed by the population. Most traits of evolutionary or economic
interest are quantitative in nature and genetic variation for these traits is measured by
the additive genetic variance, which is proportional to the expected heterozygosity of
the loci controlling the trait (Falconer & Mackay 1996). The number of alleles per locus
(allelic diversity) is also a relevant measure of genetic diversity, being more sensitive to
population bottlenecks than expected heterozygosity (Nei et al. 1975; Allendorf 1986;
Cornuet & Luikart 1996; Luikart et al. 1998; Leberg 2002). Theoretical studies using
biallelic locus models and analysing the selection response from populations with
different initial census sizes (James 1970; Hill & Rasbash 1986) suggest that the
response to selection heavily depends on the contribution of rare alleles. It has then been
argued that although the short-term (immediate) response to selection is a direct
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function of the expected heterozygosity, the number of allelic variants after a bottleneck
mightbe the main factor responsible for the response to long-term selection or selection
limits (Allendorf 1986; Allendorf et al. 2013; p. 289). Recent simulation studieshave in
fact shown that gene frequency measures of variation such as heterozygosity are good
predictors of short-term response to selection for the trait, whereas allelic number
measures are better predictors of long-term and total response (Caballero & GarcíaDorado 2013). These predictions, however, have not been experimentally demonstrated.

When genetic variance components for traits of interest cannot be obtained, as it
is very often the case, genetic variation for neutral molecular markers is used as a
surrogate of variation for quantitative traits. The assessment of genetic variation through
neutral molecular markers is current in use in population genetics and conservation
biology studies (Toro et al. 2009; Kirk & Freeland 2011; Frankham et al. 2010;
Allendorf et al. 2013). However, the relationship between neutral molecular variation
and quantitative trait variation is controversial. The mean correlation between molecular
heterozygosities and estimates of genetic variation for a range of quantitative traits
across 71 studies was about 0.22 (Reed & Frankham 2001) whereas the correlation
between variation at neutral markers and fitness traits was 0.43 in another meta-analysis
of 34 studies (Reed & Frankham 2003). Moreover, the relationship between individual
genetic diversity and fitness-related traits (heterozygosity-fitness correlation) is
generally low in large populations at equilibrium (Coltman & Slate 2003; Slate et al.
2004; Chapman et al. 2009), but can be relevant in small populations or those recently
affected by bottlenecks (Szulkin et al. 2010). In addition, direct associations between
neutral marker variation and adaptive changes for quantitative traits have been
experimentally found (Santos et al. 2012).

For neutral molecular markers, expected heterozygosity, also referred to as gene
diversity (Nei 1973), is the most frequent used statistic to measure diversity.
Maximization of the expected heterozygosity, equivalent to minimization of mean
coancestry (kinship), is the most widely proposed criterion to maintain genetic diversity
both in conservation programs (Ballou & Lacy 1995; Caballero & Toro 2000, 2002) and
animal breeding programs (Toro & Pérez-Enciso 1990; Grundy et al. 1998;
Meuwissen2007), as it implies the maximization of effective population size (Caballero
& Toro 2000, 2002) and because of its direct relationship with the magnitude of
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additive genetic variance and inbreeding depression. However, for multiallelic
molecular markers, such as microsatellites, the number of different allelic types is also
used to describe the genetic diversity of populations (Barker 2001; Foulley & Ollivier
2006; Caballero & Rodríguez-Ramilo 2010), to ascertain the occurrence of past
population bottlenecks (Cornuet & Luikart 1996; Luikart et al. 1998) and to establish
conservation priorities (Petit et al. 1998; Fernández et al. 2004; Simianer 2005;
Medugorac et al. 2011). In addition, allelic heterogeneity is often overlooked in
association studies, as standard genome wide association studies (GWAS) and linkage
studies are based on bi-allelic markers (Nelson et al. 2013). However, sequencing
technologies are allowing for this allelic heterogeneity to be unmasked (Flister et al.
2013).

Differences in allelic number rather than differences in allele frequencies have
also been proposed as an alternative way to quantify genetic differentiation between
populations (Jost 2008; but see, e.g., Whitlock 2011; Wang 2012). In the context of
subdivided populations, where rare allelic types, present in a given subpopulation, may
arrive by migration into another subpopulation and contribute to its adaptation, allelic
variation may play a fundamental role (Blanquart et al. 2012; Caballero & GarcíaDorado 2013). There is, therefore, an increased consensus in the idea that allelic
diversity is of great importance for the evolutionary potential of populations (Slade &
McCallum 1992; Petit et al. 1998; Wilson et al. 2009; Medugorac et al. 2011; Caballero
& García-Dorado 2013) and a number of methods and computer tools have been
recently developed to estimate and predict allelic numbers (Belkhir et al. 2006;
Szpiechet al. 2008; Bashalkhanov et al. 2009), as well as to specifically retain the
largest possible number of alleles in conservation programs (Fernández et al. 2004;
Weiser et al. 2012).

One important question in the field of conservation genetics is what kind of
diversity from neutral molecular markers should be optimized in order to keep the
maximal evolutionary potential of a population. Caballero and García-Dorado (2013)
performed simulations based on simulating different scenarios with different population
sizes and mutation rates (generally focusing on subdivided populations) and looked for
correlations between variability parameters in these highly variable population scenarios
and responses to natural selection for a changing selection optima. They showed that
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allelic diversity measures are more correlated to long-term and total response to
selection than gene frequency diversity measures. Regarding single undivided
populations, the results were clear forquantitative trait loci (QTL) variation. Although
the same tendency was also found for neutral markers, the results were, however, much
less obvious in this case. Thus, it remains to be shown if the above results also hold for
populations of identical size but differing in their levels of genetic variability. In
addition, it should also be seen whether these results hold when neutral marker variation
is considered.

Many populations, both in nature and in conservation settings (zoos, botanic
gardens, natural reserves, germplasm collections, etc.) are subdivided, and sometimes a
decision has to be taken so as how to mix subpopulations to produce a synthetic
population with the highest diversity. We use this practical setting to answer the
following questions: (1) Can be demonstrated that for populations of the same size
maximization of allelic diversity for unlinked neutral markers conveys a larger response
to selection for a quantitative trait than maximization of their expected heterozygosity?
(2) Can such a prediction be shown experimentally? (3) Are neutral molecular markers
reliable for making conservation decisions regarding variation for quantitative traits?

To respond to these questions we used simulation studies and experimental data with
Drosophila melanogaster. In both studies we established synthetic populations from a
structured base population under different optimization criteria (maximization of expected
heterozygosity or allelic diversity). In the simulation, optimization was implemented using
information both from the loci controlling the trait (QTL) and from unlinked neutral markers. In
the experiment, optimization was based on microsatellite markers. The synthetic populations
were subjected to artificial selection for the quantitative trait (sternopleural bristle number in
the experimental study) in order to compare the ability of the optimization methods to retain
the evolutionary potential of the populations.
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Materials and methods

Simulation study
The simulation procedure was carried out with the following steps. First, we simulated a
large base population subdivided in eight subpopulations under four different historical
scenarios. Second, from this subdivided base population, we built synthetic populations
with maximal heterozygosity or maximal allelic diversity, both based on information
from the loci controlling a quantitative trait (QTL) or from neutral molecular markers
unlinked to the QTL. Finally, we subjected the synthetic populations to artificial
selection for the quantitative trait.

Base population structure: The software quantiNemo (v1.0.4, Neuenschwander et al.,
2008), was used to simulate base population structures under four different scenarios, as
shown in Figure 1. In scenarios A and B a large original population of size N = 4000
hermaphrodite individualswas first run for 13000 generations to reach sufficient genetic
variation. This population was then subdivided into eight subpopulations of equal or
different sizes, which were maintained separately for a further 50 generations. In
scenarios C and D, two large ancestral populations were established instead of one,
seven subpopulations arising from the first and the last one from the second. All
populations were maintained throughout assuming random mating. 100 replicates of
each scenario were simulated. Scenario A was used to simulate a range of different
genetic parameters.

Quantitative trait and neutral markers: A quantitative trait subjected to stabilising
selection was assumed to be controlled by 10 to 1000 unlinked multiallelic QTL. In
addition, 10 to 1000 neutral multiallelic unlinked markers were simulated. All
combinations of numbers of QTL and markers were run. For each locus, the initial
allelic frequency distribution assumed for both the QTL and neutral markers was a
uniform one for all the 256 possible alleles, the maximum number of alleles per locus
defined in the software. New mutationsoccurred randomly to any of the possiblealleles
(random mutation model of the software) with mutation rate generally μ = 5 × 10-5 per
locus and generation (values ten times smaller or larger were also simulated).
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Allelic QTL effects on the quantitative trait were pre-assigned with the option of the
quantiNemo software to cover a uniform distribution with valuesequally spaced between -6σ
and 6σ, where σ2 = 0.625 / n and n is the number of QTL controlling the quantitative trait. This
assured the same additive genetic variance for the different numbers of QTL considered. The
genotypic value of each individual was obtained as the sum of the values of their allelic effects,
and the phenotypic value was obtained by adding to the genotypic value an environmental
deviation obtained from a normal distribution with mean zero and variance 0.8, constant along
generations. The mean heritability of the hypothetical trait at generation 13,050 was about
0.20.

Individuals to be mated were chosen according to a probability proportional to
their fitness. This was obtained from the function wi = exp[–(pi – Opt)2 / 2VS] (Turelli
1984), where wi is the fitness of individual i, pi is its phenotypic value, Opt is the
optimum value for the quantitative trait, which was always assumed to be zero, and VS
is an inverse measure of the intensity of the stabilising selection. The value of VS
assumed was typically 100 but stronger selection (VS = 1 or 20) was also considered.

Synthetic populations: We used the software METAPOP (v2.0.a1, Pérez-Figueroa et al.
2009) to obtain the optimal number of individuals contributed by each of the eight
subpopulations in order to create a synthetic population of 100 individuals under different
optimization criteria (Figure 2). These optimization criteria were aimed to maintain: the largest
total expected heterozygosity (O_H) or the largest total number of alleles (O_A), either using
information from the QTL or from the neutral markersof the eight subpopulations. METAPOP
software applies a simulating annealing algorithm (Kirkpatrick et al. 1983) scanning the whole
space of subpopulation contributions until the maximum value of the criterion is reached.
Note that these optimizations are based on population genetic parameters rather than on
individual genotypes. Therefore, the individuals contributed by a given subpopulation are
chosen randomly from the subpopulation rather than according to their particular genotype.
For each of the 100 simulation replicates of each scenario, optimization was repeated 100
times to obtain precise results.
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Artificial selection for the quantitative trait: Once the optimized contributions from
subpopulations were obtained, a C program was used to gather the genotypes (QTL and
markers) of the 100 individuals contributed bythe subpopulations to form the synthetic
pools. Then, artificial selection was performed on these 100 individuals by selecting the
20 with the largest phenotypic value for the quantitativetrait (a 50% proportion was also
considered) (Figure 2). Random mating of selected parents was carried out and
genotypic and phenotypic values of the progeny were obtained as explained above.
Neither new mutation nor stabilising selection were considered during the period of
artificial selection. The selective process was maintained for 25-100 generations
depending on the number of QTL involved.

Experimental study
An experimental setting analogous to that followed in the simulation study was carried
out with Drosophila melanogaster (Figure 3). First, a number of experimental lines
were established starting from a large base population, in order to create a structured
population. This structured population was analysed for nine microsatellite markers and,
using this information, synthetic populations were created maximizing the expected
heterozygosity or the allelic diversity for the markers. Artificial selection was then
carried out for increased and decreased bristle number for 8 generations. This
experimental designis explained in what follows.

Base population and culture conditions: A large population, found in 2006 and
maintained with about 3000 individuals (Ávila et al. 2011), was used for the
experiment. Flies were reared in a culture medium composed of 1 L water, 100 g
brewer’s yeast, 100 g sucrose, 12 g agar, 2.5 g NaCl, and 5 mL propionic acid, and were
handled at room temperature under CO2 anaesthesia. All cultures were incubated in a
chamber at 25 ± 1 °C, 65 ± 5 % relative humidity, and maintained under continuous
lighting. Virgin males and females were used for mating across the entire experiment.

Experimental lines: Twenty lines (lines L1, L2, ... L20) were established from the large base
population, each line being generated with 50 males and 50 females taken at random from the
large base population. These lines were maintained isolated with mass mating and constant
population size (50 males and 50 females) for 58 generations (Figure 3).
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Analysis of diversity using microsatellite loci: Genetic diversity was analysed using nine
microsatellite loci (Ávila et al. 2011). Details of the protocol followed is given in Online
Supporting information 1. At generation 50 of the lines´s maintenance, 40 individuals sampled
per line as well as 100 individuals sampled fromthe large base population were genotyped for
the microsatellites. The software Genepop (v4.2, Rousset 2008) was used to estimate the
heterozygosity (H), number of alleles (A), and FST (Weir & Cockerham 1984). The effective
population size of the lines (Ne) was estimated from FST = 1 – (1 – 1/2Ne)t (Falconer & Mackay
1986), where t is the generation number. The maximum likelihood approach implemented in
the software ML_NullFreq (Kalinowski & Taper 2006) was used toaccount for genotypic errors
and the presence of null alleles.

20
Creation of a complex structured population using the experimental lines: The 20lines
were used to create a complex population structure. For this, some lines were assumed
to be pooled in larger groups (Figure 3). Flies were not actually crossed but pools were
made with the genotypic data, which is equivalent to assume crossing followed by
panmixia. In this grouping, eight lines remained independent (L1 to L8), lines 9-16
were pooled in pairs (L9-10, L11-12, L13-14, and L15-16), and lines 17-20 were pooled
in a single large subpopulation. Thus, a complex structuredpopulation was composed of
8 small subpopulations, 4 subpopulations twice as large, one four times as large, and the
large base population.

Synthetic populations: Using the microsatellite data from the structured population, synthetic
populations of N = 100 individuals (50 males and 50 females) were created using, as before,
the software METAPOP (v2.0.a1, Pérez-Figueroa et al. 2009). The optimal contributions (i.e.
number of individuals) from each subpopulation were found to maximize, as before, the
expected heterozygosity in the synthetic populations (O_H), or the total number of alleles
(O_A). Apopulation analogous to the synthetic ones wasalso established where 100 individuals
were randomly taken from the original large base population (BP). Actual individuals to create
the synthetic populations were obtained from generation 58 of the lines or pools of lines.With
the optimized set of contributions obtained by O_H, 100 individuals (50 males and 50 females)
were randomly sampled from the pertinent subpopulations, and the same procedure (with the
same contributions) was repeated four times to produce four replicates. The same was done
for the O_A contributions. Four replicates were also obtained of the population BP by
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randomly sampling four groups of 100 individuals (50 males and 50 females) from the original
base population.

Artificial selection: Once the synthetic populations (and BP) were established, they were
subjected to upward and downward artificial selection for sternopleural bristles. Every
generation, 100 flies (50 males and 50 females) from each population, replicate and direction
of selection were evaluated for the number of sternopleural bristles in both sternopleural
plates. The 10 females and the 10 males with the highest (upward selection) or lowest
(downward selection) number of bristles were selected to be the parents of the next
generation. Mass mating of the selected parents was carried out in single bottles. Selection
was continued for 8 generations. Average heterozygosity and numbers of alleles were
estimated for the 9 microsatellite loci at generation 0 of selection (50 individuals per replicate
and population type) and generation 8 (40 individuals for each replicate, population type and
direction of selection). In total, the experiment implied the genotyping of 2,460 individuals for
9 microsatellites.

Results
Simulation study
Synthetic populations were obtained with contributions from the different
subpopulations simulated under the two optimization methods (O_H and O_A; see
Supporting Information Table A1 for examples of average contributions from each
subpopulation). The average values of heterozygosity (H) and number of alleles (A) for
the synthetic populations obtained from optimizations based on QTL or on markers are
shown in Tables 1 and 2, respectively. Two main patterns emerge from these results.

First, we observe that when the number of loci is small (10 QTL or 10 markers;
cases a-i in Tables 1 and 2), the synthetic populations obtained by the method O_A
were,for all scenarios and parameters, those with the largest number of alleles for the set
of loci optimized, as expected. Likewise, the synthetic populations obtained by the
method O_H were those with the largest values of heterozygosity. Therefore, the
optimization methods achieved their objectives. When QTL data was used for the
optimization, the method which gave the highest response to artificial selection was
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O_A (Table 1). Remarkably, the same result was observed when neutral markers
unlinked to the QTL were used for optimization (Table 2; Supporting Information
Figure A1), clearly showing that maximal allele diversity for markers leads to a higher
adaptive potential for quantitative traits than maximal marker heterozygosity.

Second, as the number of QTL or markers was increased in the simulations (cases j-o in
Tables 1 and 2, respectively), both optimizations (O_H and O_A) tended, however, to lead to
the same average values of H and A. For example, for 500-1000 QTL or markers, the
optimizations led to identical average values of H and A in the synthetic populations and,
therefore, selection produced identical responsesfor the two optimization methods (see
Tables 1 and 2, and Supporting Information Fig. A2-A3).This can be explained by the
decreasingly lower variation in the average values of H and A for the synthetic populations as
the number of loci was increased (Supporting Information Fig. A4). Thus, when a large number
of QTL or markers was assumed it was not possible to test, with our approach, whether allelic
diversity retains higher adaptive potential than expected heterozygosity.
To get more insight into the impact of the number of QTL or markers in the
optimizations, Figure 4 shows the average contributions from the subpopulations to the
synthetic populations for Scenario A. When the number of loci was large (either of QTL or of
markers) the contributionfrom subpopulation 1 (the largest subpopulation) tended to be about
70%,whereas that from each of the other small subpopulations was about 4%. This was also
the case for a low number of markers when the number of alleles was maximized (O_A).
However, when heterozygosity was maximized (O_H), the contributions were only close to the
optimal ones when the number of loci was large.

Thus, the responses to selection from synthetic populations based on optimizations
with neutral markers were similar to those based on QTL when marker allelic diversity was
maximized for any number of markers. This is shown in Figure 5, which gives results based on
1000 QTL and a variable number of neutral markers. However, the responses were
substantially smaller when optimizations were based on heterozygosity for a low number of
neutral markers (Figure 5). This suggests that, when the number of markers is small,
optimization through allelic diversity is more effective than optimization through expected
heterozygosity.
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Experimental study
After 50 generations, the experimental linesmaintained with population size N = 100 had an
average heterozygosity for microsatellite markers of H = 0.41 ± 0.02 and an average number of
alleles of A = 2.7 ± 0.07 (4.6 in the whole setof lines). The corresponding values in the base
population were H = 0.53 and A = 3.9. The estimate of the fixation index for the lines at
generation 50 was FST = 0.29 ± 0.05, from which an estimated average effective line size of Ne =
71.9, was obtained. For the 9 microsatellite markers examined there was no evidence for
scoring errors due to stuttering, large allele dropout, or null alleles, and subsequently no
correction of allele frequencies was necessary.

The heterozygosities and numbers of alleles in the subpopulations as well as the
optimal contributions from these to the synthetic populations are shown in Table 3. Note that
methods O_H and O_A produced synthetic populations composed of individuals from several,
coincident or not, subpopulations, and no individuals from the base population, despite that
this latter was also included in the optimizations. The average heterozygosity and number of
alleles in the synthetic populations before selection are shown at the bottomof Table 3 (values
for each of the microsatellite loci and replicate are given in Supporting Information Table A2).
The optimization methods achieved their objectives. The synthetic populations obtained by
the method O_H were those with the largest average heterozygosity for markers, while those
obtained by the method O_A were those with the largest average number of alleles. Average
values of H and A in the populations formed by individuals from the base population (BP) were
intermediate between those for O_H and O_A (see Table 3).

The average number of bristles per replicate and generation of selection for each
of the optimization methods is shown in Supporting Information Figure A5. Estimates
of the realized heritability, obtained from the linear regression of the cumulative
response to selection on the cumulative selection differential across generations were
0.3 for upward selection and 0.2 for downward selection (Supporting Information
Figure A6). The heterozygosities and numbers of alleles remaining in the selected lines
at generation 8 are given in Table A3.
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Figure 6 shows the average cumulative divergence across generations for
upward and downward selection. In both directions of selection the method involving
the largest response to selection, consistently over generations, was O_A, followed by
O_H. The base population (BP) showed the lowest response.Therefore, maximization of
marker allelic number led to higher selection responses than maximization of marker
heterozygosity.

Discussion
It has beenarguedthat whereas the expected heterozygosity is the main factor
responsible for the short-term response to selection, allelic diversity is the main factor
responsible for the long-term response (Allendorf 1986; Allendorf et al. 2013). This has
been deduced from the results of the response to selection after bottlenecks (James
1970), as these have a much larger impact on allelic diversity than on heterozygosity.
However, a formal experimental proof of this statement was missing. Note that
bottlenecks also reduce, although only a little, the expected heterozygosity. Therefore,
the selection response occurred after bottlenecks of different magnitudes cannot be used
on its own to investigate the relative importance of one or the other type of variation on
the response. Here we bypassed this problem by creating synthetic populations of the
same size but either with higher heterozygosity or higher allelic diversity (see
Supporting Information Figure A7 for a detailed explanation of the consequences of the
two optimization methods). The second issue addressed is whether neutral molecular
variation is an appropriate surrogate of quantitative genetic variation in the context of
preserving variation in conservation settings. Previous simulation studies showed that,
for single undivided populations, gene frequency diversity measures for QTL, such as
expected heterozygosity, are the best predictors of short-term adaptation, whereas allelic
diversity measures are the best predictors of long-term and total adaptation (Caballero &
García-Dorado 2013). Results were not so clear for neutral marker variation however
(see Fig. 1 of Caballero & García-Dorado 2013). Here, our objective was to
demonstrate, both through simulation and empirically, thatmarker allelic diversity in a
single population is abetter indicator of higher adaptive potential than marker expected
heterozygosity.
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In the simulation study we considered a variable number of QTL and markers
and found that, when the number of loci is large (larger than about 50), all optimizations
lead to the same results on average. Thus, synthetic populations with different numbers
of alleles or different heterozygosities could not be obtained with this optimization
approach, and the hypothesis to be addressed could not be tested. When the number of
loci is small, nevertheless, it could be shown that optimizations based on maximization
of the number of alleles implied a higher adaptive potential for quantitative traits than
maximization of expected heterozygosity. Our results therefore support the idea that
allelic diversity is the main source of variation with regard to long-term response to
selection (Allendorf 1986; Medugorac et al. 2011; Weiser et al. 2012; Caballero &
García-Dorado 2013). We did not find, however, that a higher heterozygosity is
associated with a larger short-term selection response. Instead, both O_A and O_H
gaveabout the same responses at the start of the selection process (Supporting
Information Figures A1-A3) or with even a slighter higher response for O_A (see
generation 5 responses in Figure 5). The simulations of Caballero & García-Dorado
(2013) showed, in contrast, a stronger correlation of short-term response with QTL
heterozygosity than with number of QTL alleles. Although no optimizations were
performed to increase either H or A in that study, there was a large variation in H and A
values between populations when pooling all demographic scenarios assumed, because
these involved a range of population sizes (100 to 1000) and mutation rates (0.00010.0004). This large variation between H or A values in the simulated populations
allowed for detecting significant correlations between these parameters and short or
long-term responses. In contrast, the present simulations were based on single synthetic
populations of the same size, obtained from a common base with a single demographic
and genetic history, and optimized to have the largest possible H or A. The achieved
differences in H and Abetween synthetic populations obtained through O_H and O_A
were generally small (Tables 1-2). This is perhaps the reason why it was not possible to
observe any substantial differences in the short-term responses achieved. An alternative
explanation might be that the scenario of a cross between lines followed by panmixia
and selection, as assumed in this study, may imply a certain advantage for allelic
diversity also at the short term, as any new allele supplied bya contributing line may
imply a larger response from the start.
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The fact that optimization methods of allelic diversity based on just 10 unlinked
markers gave the same overall result as the optimization based on 1000 QTL (or on hundreds
of markers; Figures 4-5) suggests that allelic diversity from a few neutral markers can be rather
effective in terms of taking decisions in conservation settings.This supportsthe use of the
marker allele number for optimization as a surrogate of quantitative variation. This capacity of
neutral markers to predict the evolutionary potential for quantitative traits can be ascribed to
the information they convey on the population history and structure rather than to a direct
association with the genetic variation responsible for adaptation (Caballero & García-Dorado
2013). These remarkable results obtained with few markers were not extended, however, to
maximizationof the expected heterozygosity. In fact, the correlations between H for QTL and H
for markers were generally small and not significant (0.075, 0.063, 0.12, 0.073 for scenarios A
to D, respectively). This is in line with the results of several studies which have shown that the
correlation between molecular variability for neutral markers and genetic variation for
quantitative traits is, at most, moderate (Reed & Frankham 2001, 2003; Chapman et al. 2009)
and difficult to interpret (Grueber et al. 2008). In contrast, the corresponding correlations for
number of alleles of QTL and markers were much larger and significant for all scenarios (0.30,
0.26, 0.21 and 0.28 for scenarios A to D respectively). This suggests that this variability
measure is more sensitive to previous demographic changes (Allendorf 1986; Cornuet &
Luikart 1996; Luikart et al. 1998; Leberg 2002), producing and maintaining a more
homogeneous and stronger genomic signal.

Note that we do not intend to give the message that the use of a few markers is
adequate for any conservation purpose. Rather, our conclusion is that, if only a few markers
are available, allelic diversity should be used rather than heterozygosity. Although our results
showed that optimizations tended to the optimal ones with large numbers of markers, the
current situation is that most studies of conservation are carried out with the use of few
genetic markers despite that high density markers are increasingly available in genetic studies.
As an illustration, we reviewed (using the Thomson Reuter Web of Science database) the
number of publications in the journal Conservation Genetics in the last 5 years (2010-2015)
making use of molecular markers. We found that 529 studies used microsatellite data, 153
used mDNA data, and other markers wereused much less often (33 with AFLP, 26 with
allozymes, 20 with RAD, 13 with SNP, 7 with RAPD, and 2 with DArT). Considering only the year
2014, the tendency was the same (91with microsatellites, 24 with mDNA, 4 with SNP, 3 with
RAD and 1 with AFLP). An analogous five year review (2010-2015) for papers published in the
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journal Molecular Ecology which include the term “conservation genetics” found that 211
studies used microsatellite data, 40 mDNA, 28 RAD, 26 SNP data, 6 AFLP and 3 allozymes. Thus,
the great majority of conservation genetics studies use microsatellite markers. We also
reviewed, among the 89 studies using microsatellites published in Conservation Genetics in
2014, the number of loci used in each study (Figure 7). The average number of loci used was
11.96 and the median was 11.0. This suggests that most conservation studies, at least for nonmodel species, are based on relatively few multiallelic markers. The results found in this work
are, therefore, of applicability to these studies. It should be taken into account that biallelic
markers such as SNP or RAD sequencing may take over microsatellites in the near future.
However, multiallelic diversity measures can also be applied to SNP markers, either as such
(Pérez-Figueroa et al. 2012; de Cara et al. 2013), which is then equivalent to the proportion of
polymorphic loci, or as short haplotypes involving a certain number of SNPs (Pérez-Figueroa et
al. 2012).

Our experimental evaluation with Drosophila melanogaster allowed us to reach
the same conclusions as for the simulation study. The synthetic populations obtained
with the method O_A using 9 markers produced the highest average response, from the
initial generations, followed by those obtained with O_H. The synthetic populations
obtained from the base population alone yielded the lowest response for both directions
of selection. Overall realized heritabilities (0.3 for upward selection and 0.2 for
downward selection) were within the range of estimates obtained for morphological
traits in Drosophila (Roff & Mousseau 1987), and with realized heritabilities for other
synthetic populations (López-Fanjul & Hill 1973).

In the experiment we could compare the response to selection from the base
population alone (BP) with that from synthetic populations obtained exclusively from the 20
isolated lines started from the large base population (O_H and O_A; Table 3). Population
genetics theory (Wright 1952) indicates that the total additive genetic variance for an additive
neutral quantitative trait in a group of lines started from a base population is 1 + F times the
variance in the latter, where F is the inbreeding coefficient of the lines. In our experiment, the
experimental lines showed a differentiation of FST = 0.29. Thus, we could expect that the
response to selection from a mixture of lines (although not all lines) would produce up to 29%
more response to selection than that obtained from the base population. In agreement with
this, the total response to selection with O_A was 25.3% larger than that with BP, and that for
O_H was 17.7% larger.
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We conclude that, whenthe number of markers available is small, the optimization of
the number of alleles is the best method to create synthetic populations with the largest
adaptive potential. Our results also support the use of neutral markers to make optimization
decisions in conservation.
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Table 1. Simulated mean heterozygosities (H) and mean numbers of alleles (A)
in the synthetic populations obtained maximizing H (O_H) or maximizing A
(O_A) using QTL data, and mean response to selection for the quantitative trait
after 25 generations (60 for case i). #QTL: number of loci controlling the
quantitative trait. All cases refer to Scenario A, except cases b, c and d which
refer to Scenarios B, C and D, respectively. Mutation rate per locus and
generation μ = 5 × 10–5 except for cases g (5 × 10–6) and h (5 × 10–4). Intensity
of stabilising selection VS = 100 except for cases e (1) and f (20). Proportion
selected 20% except for case i (50%). Standard errors ranged between 0.0001
and 0.004 for H, between 0.0001 and 0.1 for A, and between 0.004 and 0.20 for
the response. The largest mean value across methods for each scenario is
presented in bold face for clarity.
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Optimizations
H

A

Response

based on QTL
Case

#QTL

O_H

O_A

O_H

O_A

O_H

O_A

a

10

0.18

0.17

2.4

3.1

2.9

4.1

b

10

0.26

0.23

2.3

3.1

2.6

3.4

c

10

0.62

0.56

5.4

5.7

6.5

6.9

d

10

0.61

0.50

4.9

5.2

6.0

6.2

e

10

0.17

0.14

1.5

1.6

0.1

0.2

f

10

0.19

0.16

1.9

2.4

0.9

1.2

g

10

0.09

0.07

1.4

1.6

0.9

1.1

h

10

0.72

0.70

14.1

16.4

13.2

14.4

i

10

0.18

0.17

2.4

3.1

3.1

4.2

j

20

0.22

0.22

3.2

3.8

5.3

6.2

k

50

0.28

0.29

4.3

4.6

8.5

8.6

l

100

0.31

0.31

4.7

4.9

8.4

8.4

m

200

0.32

0.32

4.9

5.0

6.1

6.1

n

500

0.32

0.32

4.9

5.0

3.1

3.1

o

1000

0.32

0.32

5.0

5.0

1.7

1.7
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Table 2. Simulated mean heterozygosities (H) and mean numbers of alleles (A) in the synthetic
populations obtained maximizing H (O_H) or maximizing A (O_A) using neutral marker data,
and mean response to selection for the quantitative trait after 25 generations (60 for case i).
#NM: number of neutral markers. All cases refer to Scenario A, except cases b, c and d which
refer to Scenarios B, C and D, respectively. Mutation rate per locus and generation μ = 5 × 10–5
except for cases g (5 × 10–6) and h (5 × 10–4). Intensity of stabilising selection VS = 100 except
for cases e (1) and f (20). Proportion selected 20% except for case i (50%). Standard errors
ranged between 0.0001 and 0.004 for H, between 0.0001 and 0.1 for A, and between 0.004
and 0.20 for the response. Cases a-i assumed 10 QTL whereas cases j-n show averages over
simulations with all different numbers of QTL (10 to 1000). The largest mean value across
methods for each scenario is presented in bold face for clarity.

Optimizations
H

A

Response

based on markers
Case

#NM

O_H

O_A

O_H

O_A

O_H

O_A

a

10

0.30

0.29

3.7

4.3

2.9

3.9

b

10

0.45

0.42

3.9

4.5

2.4

2.8

c

10

0.71

0.68

7.6

7.9

6.2

6.5

d

10

0.70

0.64

6.8

7.1

5.8

5.9

e

10

0.40

0.37

3.4

3.9

0.12

0.13

f

10

0.44

0.41

3.7

4.3

0.8

1.0

g

10

0.25

0.22

1.8

2.0

0.6

0.8

h

10

0.86

0.85

20.7

21.7

14.4

14.7

i

10

0.30

0.29

3.7

4.3

3.0

4.5

j

20

0.29

0.30

3.9

4.3

5.0

5.3

k

50

0.29

0.29

4.1

4.3

5.2

5.4

l

100

0.26

0.26

4.1

4.2

5.4

5.5

m

200

0.29

0.29

4.1

4.2

5.4

5.4

n

500

0.29

0.29

4.2

4.2

5.4

5.4

o

1000

0.29

0.29

4.2

4.2

5.3

5.3
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Table 3. Experimental average expected heterozygosity (H), number of alleles (A) and
contributions from the subpopulations to the synthetic populations in the Drosophila
experiment, averaged over 9 microsatellite loci and four replicates, under two optimization
criteria: maximization of expected heterozygosity (O_H) and maximization of number of alleles
(O_A). Apopulation analogous to the synthetic oneswas established taking all individuals from
the large base population (BP). The two last rows show the average H and A in the synthetic
and BP populations created, where the largest values of H and A are marked in bold face for
clarity. Standard errors ranged between 0.005 and 0.013 for H and between 0.028 and 0.116
for A.

Contributions to syntheti
Subpop.

H

A

O_H

O_A

BP

L1

0.30

2.00

-

-

-

L2

0.47

2.67

27

-

-

L3

0.43

2.67

1

-

-

L4

0.44

2.33

-

-

-

L5

0.41

2.78

9

-

-

L6

0.42

3.00

-

8

-

L7

0.50

3.11

-

21

-

L8

0.52

3.22

43

2

-

L9-10

0.36

2.94

13

20

-

L11-12

0.37

2.78

1

4

-

L13-14

0.46

2.44

-

-

-

L15-16

0.40

2.72

6

21

-

L17-20

0.37

2.67

-

24

-

Base Pop.

0.53

3.89

-

-

100

H

0.58

0.53

0.56

A

3.58

3.67

3.61

Synthetic
Populations
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FIGURE LEGENDS

Figure 1. Schematic representation of the structure of the base populations simulated
for the different scenarios considered.
Figure 2. Example of the establishment of a synthetic population in the simulations. In
this case only five subpopulations contributed to create a synthetic population of 100
individuals. The lower part of the figure illustrates the artificial selection process which
was simulated by mating the 20 or 50 individuals with the highest phenotypic value for
a quantitative trait in each generation.
Figure 3. Experimental design with Drosophila. Twenty experimental lines of size N =
100 were established from a large base population and maintained for 58 generations to
generate a structured population. Synthetic populations of size N = 100 were obtained
with contributions from the structured population to maximize the expected
heterozygosity or the number of alleles. The synthetic populations were artificially
selected for increased and decreased sternopleural bristle number for 8 generations.
Figure 4. Average simulated contributions from subpopulation 1 and each of the other
seven subpopulations to the synthetic population for Scenario A, assuming different
numbers of loci (QTL or markers) in the simulations. In the case of the optimizations
based on markers results are averages over simulations assuming all numbers of QTL
(10 to 1000). Optimizations are obtained maximizing H (O_H) or maximizing A (O_A).
Figure 5. Average responses to selection at different generations from synthetic populations
obtained through optimization based on different numbers of markers (lines) or optimization
based on QTL (dots). Results refer to Scenario A with 1000 QTL. Optimizations are obtained
maximizing H (O_H) or maximizing A (O_A).

Figure 6. Mean cumulative response to selection for upward selection (upper graph) and
downward selection (lower graph) across 8 generations of artificial selection for sternopleural
bristle number in the synthetic populations. Results are averaged over four replicates and
error bars represent one standard error at each side of the mean. Synthetic populations were
obtained maximizingthetotal expected heterozygosity (O_H) or the total number of alleles
(O_A). Method BP refers to populations obtained taking individuals from the base population.

Figure 7. Distribution of the number of microsatellite loci used in the 89 studies
published in the Journal Conservation Genetics in 2014. The average number of loci is
11.96 and the median 11.0.
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