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Abstract The impact of genetic drift in population

divergence can be elucidated using replicated laboratory

experiments. In the present study we used microsatellite

loci to study the genetic variability and differentiation of

laboratory populations of Drosophila subobscura derived

from a common ancestral natural population after 49 gen-

erations in the laboratory. We found substantial genetic

variability in all our populations. The high levels of genetic

variability, similar across replicated populations, suggest

that careful maintenance procedures can efficiently reduce

the loss of genetic variability in captive populations

undergoing adaptation, even without applying active

management procedures with conservation purposes, in

organisms that generate a high number of offspring such as

Drosophila. Nevertheless, there was a significant genetic

differentiation between replicated populations. This shows

the importance of genetic drift, acting through changes in

allele frequencies among populations, even when major

changes in the degree of genetic diversity in each popula-

tion are not involved.

Keywords Domestication � Genetic drift � Effective

population size � Captivity � Microsatellites � Divergent
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Introduction

Random genetic drift is a powerful mechanism that pro-

duces evolutionary changes at the population level (Crow

and Kimura 1970). It is a stochastic process associated

with the sampling of a finite number of gametes during

reproduction of the individuals in a population. This

causes random allele frequency changes between genera-

tions, at a rate that is dependent on the number of

effective breeders (i.e. effective population size) (Falconer

and Mackay 1996). As a consequence of these sampling

effects across generations, some alleles will eventually be

lost while others may become fixed leading thus to a loss

of genetic variability within populations. Also, the fate of

these alleles will vary among populations leading to

progressive genetic differentiation between them (Hartl

and Clark 1989).

The loss of genetic variability is particularly important

in small and confined populations, because the effects of

genetic drift are not effectively counteracted by the input of

new alleles due to either mutation or migration. Several

conservation studies have tried to deal with this issue,

developing strategies to maximize the genetic diversity in

captive populations (e.g. see Caballero and Toro 2000;

Frankham 2005; Rodrı́guez-Ramilo et al. 2006). These

include, for example, procedures aiming to equalise family

contributions (i.e. to increase the effective population size)

or managing these contributions to minimize global coan-

cestry between parents (when pedigree information is

available).

Laboratory studies can be useful to analyse an evolu-

tionary process in action and, through the study of the

changes in the genetic composition of different populations

in a temporal perspective, allow addressing the impact of

genetic drift in both genetic diversity and population
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differentiation. Also, through previous knowledge of the

history of the populations under analysis it is possible to

disentangle the effects of different evolutionary mecha-

nisms (genetic drift, founder effects, population size,

selection, migration etc.), contrary to most studies in nat-

ural populations (Chippindale 2006; Morgan et al. 2005).

Several recent empirical studies in laboratory popula-

tions have focused on how different population sizes affect

the rates of genetic diversity decline (e.g. see England et al.

2003; Montgomery et al. 2000; Rodrı́guez-Ramilo et al.

2006). Fewer studies in laboratory populations have ana-

lysed the long-term effects of genetic drift upon population

differentiation as populations adapt to a common envi-

ronment (but see Morgan et al. 2003; Simões et al. 2008).

In spite of this lack of studies, it is a known fact that

genetic drift should be taken into account in experimental

evolutionary studies, shown by the need of having replicate

populations in all studies (Rose et al. 1996). But how much

genetic differentiation actually occurs between these pop-

ulations? This is a relevant question both at a scientific and

methodological level, and it is surprising that so few

studies have addressed it, given the huge amount of bio-

logical material available to tackle this issue (e.g. for

reviews of experimental evolution studies see Chippindale

2006; Prasad and Joshi 2003).

Analysis of laboratory-controlled populations of known

history also allows estimating the effective population size

(Ne). The effective population size is a key parameter in

both population and quantitative genetics that determines

the strength of genetic drift and all the genetic conse-

quences associated with it (Falconer and Mackay 1996;

Frankham et al. 2002; Wang and Caballero 1999; Wang

2005). Therefore, the maintenance of a high effective

population size is a priority in conservation programmes of

captive populations (Caballero and Toro 2000; Frankham

et al. 2002). Often there is no knowledge on the effective

size of populations, and the use of census size as proxy may

be quite misleading. Most studies have reported low ratios

of effective sizes relative to census sizes for both labora-

tory and natural populations (e.g. Briscoe et al. 1992;

Frankham 1995). This is due to the fact that Ne can be

reduced by diverse aspects such as fluctuations in popula-

tion size over generations, variation in family size, differ-

ences in sex ratio, mating system, selection, etc…
(Caballero 1994; Frankham 1995; Wang 2005). Frankham

(1995) reported an average of 0.11 for Ne/N ratios in nat-

ural populations, with a wide range of values (from nearly

0 to 0.6), probably due both to the diverse influence of

these factors and to lack of precision of the estimates,

particularly in natural populations (see Frankham et al.

2002). Laboratory studies give the possibility to determine

both effective and census sizes more accurately than in

natural populations and thus can be a valuable tool to

empirically estimate Ne/N ratios and evaluate the effects of

different factors that might affect them.

In the present study we quantify the levels of genetic

variability and differentiation of laboratory populations

derived from a common ancestral natural population after

prolonged evolution in the laboratory environment. We also

search for a possible signature of selection in the molecular

genetic patterns presented by our laboratory adapting pop-

ulations. Specifically, we characterize 9 microsatellite loci

in three laboratory replicate populations of Drosophila

subobscura after 49 generations of adaptation to the labo-

ratory (NW populations). We compare the data obtained in

these populations with another set of populations (TW

populations) recently introduced in the same environment

and collected from the same natural location (see Matos

et al. 2004), using the same set of microsatellite loci.

These recently introduced populations are used as a proxy

measure of initial genetic variability close to laboratory

foundation.

The specific aims of our study are: (1) to analyse the

genetic variability in populations evolving for 49 genera-

tions in a constant and common environment, as measured

by molecular markers; (2) to study the genetic differenti-

ation in these laboratory populations; (3) to estimate the

effective population sizes as well as their ratio relative to

census sizes; (4) to analyse past demographic history,

testing for possible evidences of demographic reduction in

these laboratory adapting populations.

Materials and methods

Foundation and maintenance of the laboratory

populations

In March 1998 the NW laboratory population of Dro-

sophila subobscura was founded with 300 females and 280

males collected from a pinewood near Sintra, Portugal.

Once in the laboratory, groups of females and males were

put together in single vials and all eggs were collected to

ensure the first laboratory generation (F1). Collections of

eggs laid by the first generation females were split, giving

rise to three replicate populations from the second gener-

ation on, referred to as NW1–3 (Matos et al. 2002).

In October 2001, an additional foundation (called TW) was

carried out, from the same place, with 110 females and 44

males. Laboratory establishment and subsequent replica-

tion procedures for the TW populations were similar to

those described above for the NW populations. From the

beginning all populations were maintained in similar con-

ditions, e.g. discrete generations of 28 days, reproduction

at a young age (around 7–10 days after emergence) with

controlled temperature (18�C). Flies were kept in vials of
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31.4 cm3 controlling adult densities at around 50 individ-

uals per vial and larval densities around 80 per vial. At

each generation, emergences from the 24 vials within each

replicate population were randomised using CO2 anaes-

thesia. Adult population sizes ranged, in general, between

600 and 1,200 individuals (see Matos et al. 2002; Simões

et al. 2007 for further details).

Microsatellite analysis and genotyping methods

The three recently introduced TW replicate populations

(TW1–3) were analysed after three generations of labora-

tory culture (corresponding to the first generation of

reproductive isolation after the derivation of the three

replicates). The three NW replicate populations (NW1–3)

were assayed at their 49th generation in the lab (47 gen-

erations of reproductive isolation after the derivation of the

three replicates at the second generation). Approximately

50 randomly chosen females were analysed for each of the

six populations mentioned above.

Nine microsatellite loci (dsub01, dsub02, dsub05,

dsub10, dsub19, dsub20, dsub21, dsub23 and dsub27) of

known chromosomal location (Santos et al. 2010) were

analysed in this study. These markers were first identified

and characterized by Pascual et al. (2000, 2001) and were

chosen for this study due to their high polymorphism

(result obtained after performing an initial survey with 30

individuals) and coverage of the genome (all chromosomes

were represented; see chromosomal location in Table 3).

Highly polymorphic loci were chosen as they are likely to

be more informative considering the objectives of our

study, i.e. they allow the analysis of the molecular genetic

changes of a given population during long-term laboratory

evolution and also facilitate detecting the possible differ-

ences between the populations studied. Loci dsub05,

dsub19 and dsub21 are X-linked.

Single fly genomic DNA was obtained using the extrac-

tion protocol described by Gloor et al. (1993). The forward

primer of each locus was end-labelled with 6-Fam, Hex or

Ned. All 9 loci were amplified using four different PCR

reactions: dsub02 ? dsub05; dsub10; dsub20 ? dsub21 ?

dsub27; dsub01 ? dsub19 ? dsub23. The amplification

reactions were conducted in a total volume of 25 ll with

2.5 pmol of each primer, 3 ll dNTP0s (1 mM), 2.5 ll 109

buffer, 1 U Taq polymerase and 1 ll of DNA solution.

All reactions were performed on an ABI GeneAmp PCR

System 2700 thermocycler using the following program:

5 min at 95�C, 30 cycles of 1 min at 95�C, 1 min at 54�C

and 30 s at 72�C; a final step of 5 min at 72�C. The alleles

were sized on an ABI PRISM 310 sequencer (Perkin-

Elmer) using ABI GeneScan-500 ROX as an internal

standard.

Microsatellite data analysis

The genetic variability in each locus and population was

measured as the number of alleles, expected heterozygosity

and observed heterozygosity using MSA software, version

4.05 (Dieringer and Schlötterer 2003). Tests for differences

among replicate populations from the same foundation

were carried out on these genetic parameters using Fried-

man ANOVA. To test for differences between NW and TW

populations, Wilcoxon matched pairs tests were performed

using as paired data the average estimate of each variability

measurement, for each locus and set of replicate popula-

tions. These analyses were performed using Statistica 8.0.

To determine genetic differentiation between all popu-

lation pairs, values of Fst (Weir and Cockerham 1984) were

calculated using FSTAT v2.9.3.2 (Goudet 2001). The sig-

nificance of pairwise Fst values was estimated by permut-

ing genotypes among populations 10,000 times. To account

for multiple testing, the sequential Bonferroni correction

was applied (Rice 1989). We also tested the hypothesis that

genetic differentiation, as measured by global Fst values,

was higher among the NW than among the TW set of

populations using a permutation test (10,000 iterations) in

the FSTAT software. In addition to the estimation of Fst

values, another measure of genetic differentiation—G0st—

was also used. G0st is a standardized measure of differen-

tiation proposed by Hedrick (2005) in order to remove the

problematic effects of the dependence of Fst values relative

to the levels of genetic variation. G0st pairwise values

between populations were estimated using the SMOGD

(Crawford 2009).

A hierarchical analysis of molecular variance (locus by

locus AMOVA) was performed to analyse the distribution

of the total genetic variance due to three different sources

of variation: between groups (NW and TW), between

populations/within groups and within populations. These

analyses were carried out using ARLEQUIN, version 3.11

(Excoffier et al. 2005).

Effective population sizes (Ne) for each NW population

were estimated from microsatellite data using two meth-

odologies: the loss of heterozygosity method (see Crow and

Kimura 1970) and a pseudo-likelihood approach (Wang

2001). Using the loss of heterozygosity method, the

effective population sizes (Ne) for each NW population

were estimated using the formula

Ht

H0

¼ 1� 1

2Ne

� �t

(Crow and Kimura 1970). The data used were the expected

heterozygosity of NW populations at generation 49 (Ht)

and the expected heterozygosity of TW populations at

generation 3 (H0). Ne was calculated substituting t by 46,
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i.e. the number of generations elapsed between the two sets

of populations (considering the TWs as a surrogate of the

NWs at the third laboratory generation). For each NW

population we estimated Ne using as initial heterozygosity

the pooled estimate of the three TW populations. The

estimation of effective population sizes using a pseudo-

likelihood approach was obtained with the MLNE software

(Wang 2001) using the same body of data mentioned

above. The pseudo-likelihood approach uses the changes in

allele frequencies in temporal samples to estimate the

average effective population size in the interval considered

assuming genetic drift as the only factor causing these

changes (Williamson and Slatkin 1999). All analyses were

performed allowing a maximum Ne value of 1,000. Ne was

calculated for each NW population assuming that TW

populations represent, at an acceptable degree, the allele

frequencies that NW populations had at their generation 3.

We also analysed the demographic history of our labo-

ratory populations specifically searching for signs of pos-

sible past bottlenecks. We used two different approaches:

the BOTTLENECK test (Cornuet and Luikart 1996) and

the M ratio (Garza and Williamson 2001). The first

approach compares the observed heterozygosity with the

heterozygosity expected given the observed number of

alleles in each population. Since the number of alleles is

more affected than the heterozygosity during a bottleneck,

populations that have suffered a reduction in population

size are expected to present an excess of heterozygosity

(relative to that expected considering their number of

alleles). We assumed a two-phase model of microsatellite

mutation (TPM) for our microsatellite data, which seems

more adequate to explain the evolution of microsatellite

loci in Drosophila subobscura (see Pascual et al. 2001).

The model parameters included 20% of multistep changes

(80% single-step mutations), and 5,000 iterations. Setting

the frequency of multi-step mutations at either 15 or 30%

provided similar results.

The M ratio, as described by Garza and Williamson

(2001) was also estimated. M is the ratio of the total

number of alleles for a given locus relative to its range in

allele size. M was thus calculated for each locus and then

averaged across loci for a given population. Significance of

the M value was then tested relative to a critical value Mc

estimated such that 95% of the simulations of an equilib-

rium population had M [ Mc. We used here as critical Mc

the value of 0.68 which corresponds to the simulated value

for an equilibrium population with the following parame-

ters: Ps = 90% (proportion of one-step mutations),

Dg = 3.5 (average size of multi-step mutations), h = 10

and sample size of 50 individuals (see Figs. 7 and 8 of

Garza and Williamson 2001). In our study, a h value

(=4Nel) of 10 can be considered as a good proxy of the

variability of an equilibrium population. We considered

the range of l estimates in D. melanogaster (9.3 9 10-6,

according to Schug et al. (1998); and 5.1 9 10-6,

according to Vazquez et al. (2000)) and the historical Ne

estimated for a population of D. subobscura sampled in

Barcelona (Ne = 310.913; see Pascual et al. 2001).

To test for possible signs of selection two different

statistical approaches were applied to our microsatellite

dataset. First we computed the LnRH test (Schlötterer

2002; Kauer et al. 2003) based on the ratio of expected

heterozygosities between two populations:

LnRH ¼ Ln

1
1�Hpop1

� �2

�1

1
1�Hpop2

� �2

�1

2
64

3
75

The rationale of this test is that microsatellite loci

located in regions under positive selection will present

decreased variation relative to neutral expectations (e.g.

Kauer et al. 2003). To apply this test, ratios of expected

heterozygosities per locus were calculated for each NW

replicate population using the TW data (averaged across

populations) as a measure of the initial expected

heterozygosity in our laboratory populations (e.g. He

NW1/He TW for the NW1 population). To account for

the different effective population sizes of X chromosomes,

a correction was introduced for the X chromosomal loci

heterozygosities (Kauer et al. 2002):

Hcorr ¼ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k 1

1�Hobs

� �2

�1

� �s

the correction factor k was 1.33 assuming a balanced sex

ratio (Pascual et al. 2004). Since LnRH values are expected

to follow a normal distribution for neutrally evolving

microsatellite loci (Schlötterer 2002), significant deviations

of standardized LnRH values from the Z distribution

indicate a putative selective sweep (Kauer et al. 2003). This

test was applied for each NW replicate population.

The second test performed to detect selection was based

on the approach described in Beaumont and Nichols (1996)

and Beaumont and Balding (2004). This approach aims to

identify outlier loci based on the comparison of observed

Fst values in the data with a neutral distribution of expected

Fst values obtained from a coalescent simulation model.

This test is based on the fact that the distribution of Fst is

strongly related to the heterozygosity at a given locus

(Beaumont and Nichols 1996). The outliers are then

identified in a plot of Fst versus heterozygosity with each

locus generating a datapoint. We applied this test to our

NW populations using the FDIST2 software (Beaumont

and Nichols 1996), and generating a neutral distribution

based on a 100 island model of population structure and an

expected mean Fst of 0.105. We performed two separate
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analyses: one assuming a Stepwise Mutation Model

(SMM) and the other assuming an Infinite Allele Model

(IAM), with 50,000 paired values of Fst and heterozygosity

being computed in order to generate the distribution.

Although this approach is based on the infinite island

model, it seems to be quite robust for other demographic

scenarios (Beaumont and Balding 2004).

Results

Genetic variability in NW and TW populations

Table 1 summarizes the genetic variability detected in the

longer established NW and the recently introduced TW

laboratory populations. Overall, the data showed a high

genetic variability in these laboratory populations. Signif-

icant differences in allele number (na) were detected among

the NW populations (Friedman ANOVA, df = 2, P \
0.04), with NW2 presenting the highest number of alleles.

TW populations showed no significant differences in allele

number (Friedman ANOVA, df = 2, P [ 0.05). No sig-

nificant differences in observed (Hobs) or expected (Hexp)

heterozygosities were obtained among NW replicate pop-

ulations or among TW replicate populations (Friedman

ANOVA, df = 2, P [ 0.05). However, there were clear

differences in genetic variability between NW and TW

populations, being the NW populations less variable. The

mean number of alleles per locus was significantly lower in

NW populations when compared with TW (Wilcoxon mat-

ched pairs test; Z = 2.666, df = 18, P \ 0.008). Expected

heterozygosity and observed heterozygosities were also

significantly lower in NW populations (Wilcoxon matched

pairs test; Z = 2.666, P \ 0.008; and Z = 2.073, P \
0.039, respectively).

We calculated a decline in expected heterozygosity of

about 12.8% for NW1, 8.9% for NW2 and 10.7% for NW3,

during the 49 generations of laboratory evolution, assum-

ing that the pooled TW genetic variability reflects the

initial NW variability.

Genetic differentiation in NW and TW populations

Significant genetic differentiation as measured by Fst was

observed for all NW population pairs and also for all NW

versus TW pairwise comparisons (Table 2). Interestingly,

pairwise Fst values between NW population pairs were

consistently higher than those obtained for NW versus TW

pairwise comparisons. On the other hand, pairwise Fst

values between TW populations were much smaller,

showing non-significant genetic differentiation. Similar

results were obtained when all loci or only autosomal loci

were considered (data not shown). Pairwise G0st compari-

sons for the six populations studied provided quite similar

results to those described above, with generally higher

differentiation values between the NW populations (aver-

age of 0.479), intermediate differentiation between NW

versus TW populations (average of 0.397) and very low

differentiation between TW populations (average of

0.044). Also, the relative magnitude of population differ-

entiation considering the ratio of the average NW’s pair-

wise values relative to the average NW versus TW pairwise

values was quite similar for both G0st and Fst.

The global Fst value among NW populations was sig-

nificantly higher than the global Fst obtained among TW

populations, as assessed over 10 000 permutations (P =

0.049; with Fst NW = 0.105, 95% CI = 0.075; 0.136; and

Fst TW = 0.004, 95% CI = 0.002; 0.007).

A hierarchical analysis of variance (AMOVA) per-

formed on the NW and TW groups of populations assigned

the highest percentage of variation (93.42%) to the within

population (between individuals) level. The between

groups (NW versus TW) and the between populations/

within groups source of variation explained 1.14 and 5.44%

of the total variation, respectively. All variance compo-

nents were significant.

Table 3 shows the percentage of variation attributed to

each variance component for each locus independently. As

expected from the results obtained in the global AMOVA,

the Vc (variation within populations) component includes

the majority of variation obtained. However, it is interesting

Table 1 Genetic variability in NW and TW laboratory populations

Population n nA Hobs Hexp

NW1 44.7 8.3 0.737 0.780

NW2 45.6 10.7 0.765 0.815

NW3 47.6 9.3 0.804 0.798

TW1 46.2 16.7 0.832 0.890

TW2 46.7 17.4 0.864 0.893

TW3 47.0 17.6 0.819 0.899

n Mean number of individuals per locus, nA mean allele number per

locus, Hobs mean observed heterozygosity, Hexp mean expected

heterozygosity

Table 2 Pairwise Fst (above diagonal) and G0st (below diagonal)

values for NW and TW populations

NW1 NW2 NW3 TW1 TW2 TW3

NW1 – 0.1036 0.1344 0.0803 0.0853 0.0820

NW2 0.4805 – 0.0755 0.0537 0.0455 0.0483

NW3 0.5831 0.3789 – 0.0621 0.0615 0.0575

TW1 0.4418 0.3624 0.3892 – 0.0056 0.0041

TW2 0.4992 0.3234 0.3752 0.0576 – 0.0027

TW3 0.4741 0.3354 0.3697 0.0371 0.0375 –

Bold values represent significant Pairwise Fst comparisons after

Bonferroni correction (P \ 0.05)
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to note that the percentage of variation associated with the

Vb (between populations/within groups variance) compo-

nent was consistently higher for the microsatellite loci

located in the A (sexual) chromosome. For the Va (between

groups) component, it is worth mentioning that two (dsub01

and dsub02) of the three loci with the highest percentage

of variation are located in the same autosomal (O)

chromosome.

Demographic history of NW populations

Table 4 shows the effective population size (Ne) and Ne/N

ratios for NW populations using different estimators, with

N being the average census population size estimated per

generation. Based on the loss of expected heterozygosity

through time, NW populations presented effective popu-

lation sizes ranging from 168 (in NW1) to 248 (in NW2),

with ratios of effective population size relative to the

census size between 0.173 and 0.262.

The effective population sizes estimated using a pseudo-

likelihood approach according to Wang (2001) were quite

similar to those obtained through the loss of expected

heterozygosity except for the NW2 population, which

presented a higher effective population size under the

former method.

Our laboratorial populations were also tested for a

possible historical demographic reduction—see Table 5.

Using the Cornuet and Luikart (1996) approach, most

populations showed no indication of either historical

demographic decline or expansion, except NW1 for which

a signal of demographic decline was observed. This result

is consistent with our previous variability analysis which

shows that this population presented the lowest values of

genetic variability (see Table 1) and also a lower Ne (see

Table 4). On the other hand, using the M ratio we obtained

indications of significant population decline in the three

NW populations, while no such indication was observed

for any of the TW populations.

Multilocus tests of selection

Figure 1 shows the results obtained for the two multilocus

tests applied to detect selection in our microsatellite data-

set. No microsatellite locus presented any consistent indi-

cation of positive selection. No values fell outside the 95%

limits of the distribution of standardized LnRH values, with

the exception of locus dsub05 in the NW1 population.

Similar Fst expected values were obtained with the two

mutation models (IAM and SMM) with the FDIST2 test.

No clear signature of selection was found, with the only

exception being locus dsub20 suggesting uniform selection

among NW populations only when the Infinite Allele

Model was assumed.

Table 3 Percentage of variation of AMOVA variance components

per locus

Locus Chrom. Va % Vb % Vc %

dsub05 A (08E) 1.506 7.959 90.535

dsub19 A (15B-C) -0.064 6.463 93.601

dsub21 A (11A) 0.630 8.649 90.722

dsub23 J (19D) 0.826 4.354 94.821

dsub27 J (33A) 1.064 4.118 94.818

dsub10 U (36A) -0.302 6.947 93.355

dsub20 E (62B) 2.127 3.736 94.137

dsub01 O (90A) 2.314 3.054 94.632

dsub02 O (78A) 2.062 3.627 94.311

Total – 1.140 5.440 93.420

Chrom. Chromosome and cytological band location in brackets

(Santos el al. 2010)

Va % between groups variance component (NW vs. TW)

Vb % between population/within groups variance component

Vc % within population variance component

All positive values are significant (P \ 0.01)

Table 4 Estimates of effective population size (Ne) and Ne/N ratios

for NW populations

Population Ne,h Ne,pl N Ne,h/N Ne,pl/N

NW1 168 151.9 (121.4–189.5) 968.8 0.173 0.157

NW2 248 289.4 (228.0–368.9) 947.5 0.262 0.305

NW3 204 212.9 (168.7–269.3) 916.7 0.223 0.232

Ne,h Effective population size estimated by the loss of heterozygosity

method, Ne,pl effective population size estimated according to Wang

(2001), N census population size

Table 5 Tests of past bottlenecks in NW and TW populations

Population Bottleneck M ratio

Wilcoxon P-value H

NW1 0.014 Excess 0.661*

NW2 0.500 No deviation 0.644*

NW3 0.125 No deviation 0.665*

TW1 0.410 No deviation 0.847 n.s.

TW2 0.367 No deviation 0.915 n.s.

TW3 0.213 No deviation 0.902 n.s.

Wilcoxon P-value one tailed for population excess, Wilcoxon rank

sign test, H Heterozygosity excess indicates a Bottleneck

M Observed M ratio is considered significant (* P \ 0.05) for

M \ Mc (Mc = critical M value of 0.680, see ‘‘Material and

methods’’)
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Discussion

Genetic variability in laboratory populations

Our laboratory populations showed an overall high genetic

variability in the 9 microsatellite loci analysed (see

Table 1). Nevertheless, the genetic variability of our longer

established populations (NW) was significantly lower than

the recently established populations (TW). We attribute

this difference primarily to the effects of genetic drift (see

next section).

The results obtained for our recently established TW

populations resemble those of European wild populations

of Drosophila subobscura reported by Pascual et al.

(2001), with similar levels of genetic variability both in

terms of expected heterozygosity (0.895 and 0.874,

respectively) and average allele number (17.2 and 15.6,

respectively). This suggests that the foundation process and

the three generations in laboratory culture produced little

impact in the genetic diversity of TW populations relative

to wild populations. Our a priori assumption that TW

genetic variability reflects that presented by NW popula-

tions in the first generations of laboratory culture seems

thus highly probable. Furthermore, the difference in the

number of founders between the two sets of populations

does not seem to have a high impact given that according

to Gregorius (1980) a sample of 117 (similar to TW

founding females) is enough to detect alleles with a fre-

quency equal or higher than 0.05 with a probability of 95%,

while a sample of 341 (slightly higher than the number of

NW founding females) is needed to detect alleles with a

0.02 frequency. In that sense, a number around 100

inseminated females collected from the field will most

likely provide a good measure of the genetic variability of

a given wild population (at least in this species). Another

relevant point concerning our aforementioned assumption

is that it depends on a general stability of allelic frequen-

cies in a given natural population across years. Although

few data exists on this point, our expectation is reinforced

by a study by Noor et al. (2000) showing general similarity

of allele frequencies in microsatellite loci in a colonizing

natural population of Drosophila subobscura between

samples taken 5 years apart.

It is interesting to note that the expected heterozygosity

of our longer established NW populations (0.798) is still

higher than the values obtained for American introduced

natural populations (0.727), which present lower genetic

variability than European native populations as a result of a

strong founder effect associated with the colonization of

America (Pascual et al. 2007). Also, NW populations

present a considerably higher average allele number than

the American populations (9.4 and 5.5, respectively). This

is probably due to the mild bottleneck in our populations as

a result of laboratory culture in contrast to the severe

bottleneck associated to the colonization event (Pascual

et al. 2007).

The percentage of decline in expected heterozygosity

was very similar between all NW populations considering

TW as the initial diversity (9–13% from the initial diver-

sity). This corresponds to an average decline in expected

heterozygosity of 0.0025 (with a standard error of 0.0003)

per generation in our populations. It is interesting to note

the similarity of these values with those observed for the

TW populations between generations 3 and 40—a decline

of around 10% (Simões et al. 2008). This leads to an

average decline of expected heterozygosity of 0.0028 (with

a standard error of 0.0003) per generation. Thus, there is a

high concordance between the decay in heterozygosity

estimated by real-time evolution analysis (the TW data; see

Simões et al. 2008) and the comparative approach used

here (TW data as a surrogate of the initial NW data). This

indicates that comparisons across extant populations may
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lead to valid inferences of the evolutionary dynamics of

molecular markers, in particular changes in genetic vari-

ability, presented by a given population through time.

Loss of genetic variability and adaptation to captivity

are two major problems in ex-situ conservation pro-

grammes (Frankham et al. 2002). In these programmes,

maintenance of captive populations focuses on maximizing

effective population sizes while reducing the effects of

adaptation to non-natural conditions (see Caballero and

Toro 2000; Frankham et al. 2000; Rodrı́guez-Ramilo et al.

2006; Woodworth et al. 2002). The most common strategy

to satisfy both requirements is to manage these populations

by equalising parental contributions, i.e. where each indi-

vidual contributes equally to the next generation (e.g. see

Wang 1997). However, few studies have compared the

performance of long-term captive populations under man-

aged versus non managed conditions (Rodrı́guez-Ramilo

et al. 2006).

In managed populations, in which there is equalisation

of parental contributions and thus with a null variance in

family size, it is expected that the effective population size

would almost double the census size (see Frankham et al.

2002). According to this, the expected rate of decline in

heterozygosity for a population with an Ne of 200—which

would correspond to a census size N of around 100—is

0.0025 per generation. This expectation was tested in the

work of Rodrı́guez-Ramilo et al. (2006), using data from

the first 38 generations of captivity in Drosophila mela-

nogaster. In managed populations with a census size of 100

individuals the aforementioned authors found a rate of

heterozygosity loss per generation of 0.0009, below the

expected rate of decline for this Ne (0.0025, as reported

above). On the other hand, the observed decline of 0.005 in

non-managed populations of N = 100 matched the

expected decline assuming that Ne = N.

The decline of heterozygosity in our NW populations

(0.0025 per generation) lies between those of Rodrı́guez-

Ramilo et al. (2006) for managed and non-managed pop-

ulations, although our populations were non-managed and

clearly adapting to the laboratory conditions. This is

probably due to the high population census sizes (of around

950), with our estimates using microsatellite information

suggesting an effective size of around 200 individuals.

Variance in reproductive success is known to contribute to

a decrease in the effective number of breeders (Falconer

and Mackay 1996). This is a highly plausible explanation

in the present study since our populations presented a clear

adaptive process to captive conditions during this period

and thus a probable differential contribution of certain

individuals to the next generation (Matos et al. 2002).

Nevertheless, the relatively high levels of genetic

diversity (heterozygosity and allele number) observed in

our NW populations, even after 49 generations of

adaptation to a confined environment and the relatively

high number of alleles in comparison to colonizing D.

subobscura populations (Pascual et al. 2007), suggests that

no major bottlenecks occurred during this period.

Assessing the role of drift in causing genetic

differentiation between populations

We presented evidence supporting a clear role of genetic

drift in promoting genetic differentiation during the 49

generations of laboratory evolution in our laboratory pop-

ulations. As expected, genetic drift led to highly significant

genetic differentiation between NW populations during

evolution in the laboratory environment, with a global Fst

of 0.105 and a G0st of 0.479. This differentiation is

explained by fluctuations in allele frequencies and the

differential loss of alleles in NW populations, leading to a

different subset of alleles in each NW population. The

lower Fst values observed between NW and TW popula-

tions may be caused by the larger number of alleles present

in TW populations including those also found in NW

populations or by the inverse relationship reported between

locus polymorphism and Fst values (Carreras-Carbonell

et al. 2006). However given that Fst, G0st and also Dest

(according to Jost 2008; data not shown) pairwise estimates

revealed a similar pattern of genetic differentiation in our

laboratory populations, i.e. high differentiation between

NW’s and lower differentiation when considering NW’s

versus TW’s, this lower differentiation observed is more

likely due to the first explanation.

Few studies have analysed the genetic differentiation

between laboratory populations evolving under a common

regime. Morgan et al. (2003) analysed the dynamics of

molecular markers in several laboratory lines of house mice

under artificial selection for locomotor behavior. Their

hierarchical design included two different treatments

(selection vs. control groups) and four lines within each

group, allowing to disentangle the effects of selection—

responsible for the divergence between the two groups—

from the stochastic effects such as genetic drift and founder

events—leading to divergence between lines within groups.

We have used a similar approach considering the NW pop-

ulations as the selection group and the TW populations as the

‘‘control’’ group (surrogate of the ancestral state of the NW

populations previous to lab adaptation). Significant genetic

differentiation between lines (within groups) was observed

by Morgan et al. (2003) after 14 generations of selection,

with an average value of 0.149, using microsatellite data.

This value is of the same order of magnitude as the observed

in the present study among NW populations (Fst = 0.105),

which have been submitted to nearly 50 generations of lab-

oratory adaptation. Given the discrepancy in the number of

generations analysed between the two studies, a higher
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divergence between lines could be expected in our study.

However, the higher effective population sizes in our pop-

ulations relative to the house mice populations analysed by

Morgan et al. (2003) (Ne = 20) is likely to have counteracted

the effect of the generation interval.

On the other hand, Morgan et al. (2003) found no dif-

ferentiation between selection groups. Overall, the authors

concluded that genetic divergence between selection

groups, as well as among replicate lines within a selection

group were not different from expectations of neutral

evolution. Similarly, we found that differences between

NW and TW groups are small accounting for a low, albeit

significant, percentage of the global variance (1.14%), in

spite of detecting significant pairwise differences between

NW and TW individual populations (as assessed by Fst).

This observation is rather interesting since it suggests that

genetic drift was the main evolutionary mechanism

involved in the molecular genetic differentiation in our NW

populations despite nearly 50 generations of laboratory

evolution and adaptation to captive conditions. In fact, no

signature of either directional or balancing selection was

obtained in the multilocus tests applied to our microsatel-

lite dataset. This provides further evidence for the overall

neutral evolution of the microsatellite loci analysed in this

study even though adaptation at the phenotypic level is

clearly occurring. Higher marker density coverage of the

whole genome should be used to identify specific genes

selected during laboratory adaptation.

However, the impact of genetic drift in causing popu-

lation differentiation can also differ between loci. Locus by

locus AMOVA presented higher variance for the between

populations/within groups component for all loci located in

the A chromosome. The higher effect of genetic drift due to

the lower effective population size of this (sexual) chro-

mosome is likely to account for this result. Accordingly, it

has been shown that population size changes lead to par-

ticularly lower X-linked diversity (Pool and Nielsen 2007).

On the other hand, a high percentage of variation between

groups was observed in the two microsatellite loci local-

ized in the O chromosome. This might suggest that, in this

chromosome, our microsatellite loci could be in linkage

disequilibrium with genes involved in laboratory adapta-

tion, thus generating higher differences between the longer

term laboratory populations and the recently introduced

ones. In fact, another microsatellite localized in this chro-

mosome—dsub 14—not used in this study, suggested sign

of positive selection (Simões et al. 2008, 2009), though

more data are needed to reinforce this result.

Inferring demographic history in laboratory populations

Ne estimates based on the decline of expected heterozy-

gosity and pseudo-likelihood method were fairly close, with

an average estimate among replicate populations of around

21.9–23.1% of the actual census population size (N),

respectively (see Table 4). It is remarkable the similarity of

these values with the direct estimates obtained in the TW

populations—an average Ne/N of 17 to 25% (Simões et al.

2008). In fact the values estimated by the comparative

approach—NW and TW data—and the direct temporal

data—TW generation 3 and 40—overlap (data not shown).

This reinforces our previous observation that the molecular

dynamics during laboratory adaptation may be acceptably

inferred from a comparative method, at least when popula-

tions founded from the same natural population are involved

provided it has not undergone major demographic changes.

Since no strong fluctuation of the census size was reg-

istered in our NW populations (data not shown), it is likely

that the low effective size relative to the census size is a

consequence of the high heterogeneity in the parental

contributions to the next generation (variance in family

sizes). In fact, previous studies of laboratory adaptation

support an unequal contribution of genotypes for the next

generation, as indicated by a clear selective response in

several life-history traits (Gilligan and Frankham 2003;

Matos et al. 2002; Simões et al. 2007). Nevertheless, the

Ne/N values that we found are in general higher than pre-

viously reported for either captive or wild populations

(Briscoe et al. 1992; Frankham et al. 2002). As stated

above, the laboratory conditions under which our popula-

tions are maintained may allow retaining larger effective

population sizes and therefore higher variability levels.

The patterns of genetic variability described above

suggest the occurrence of a mild bottleneck in the labora-

tory history of our NW populations (see first section of the

‘‘Discussion’’). The tests we have applied to detect past

demographic fluctuations in population demography also

support this hypothesis. When considering the M ratio,

signs of a past bottleneck were obtained for all NW pop-

ulations, while using the Bottleneck algorithm, only the

NW1 population presented signs of past reduction. It

appears thus that the M ratio is the most sensitive approach

to detect past bottlenecks under the specific demographical

conditions experienced by our laboratory populations. This

might be due to the fact that the Bottleneck test is more

suited to detect strong and recent reductions in population

size (see Pascual et al. 2001) while M ratio appears to be a

method more suitable to correctly detect bottlenecks lasting

several generations (see Williamson-Natesan 2005). In

fact, the range of M values obtained for our populations

(around 0.66) also corroborates the hypothesis of a mild

bottleneck, particularly when compared to the M values of

0.5 obtained for two North American populations of D.

subobscura (Fort Bragg and Bellingham; using data from

Pascual et al. (2001)), which suffered a severe bottleneck

associated with the colonization of the American continent.
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In general, we can conclude that our laboratory evolving

NW populations present signs of a non-severe bottleneck

effect, most likely as a result of the continuous evolution

under relatively moderate population sizes during its nearly

50 generations in the lab.

General conclusions

Our data indicate that genetic drift is the main evolutionary

mechanism leading to significant molecular genetic diver-

gence between populations during laboratory adaptation at

least when using microsatellite loci. We have additionally

shown that neither directional nor balancing selection seem

to have had any direct impact in the molecular genetic

patterns observed in our populations, despite undergoing an

adaptive process to the laboratory environment. Never-

theless, genetic drift did not lead to a major loss of genetic

variability within populations after 49 generations in a

confined environment. The low decline in genetic vari-

ability of our populations throughout captivity, even

though adaptation is occurring, suggests that careful

maintenance procedures (e.g. fairly constant census sizes,

randomisation of individuals in vials to avoid non-random

mating) can efficiently reduce the loss of genetic variability

in captive populations, without necessarily applying active

management procedures with conservation purposes. This

might be an important strategy in organisms that generate a

high number of offspring such as Drosophila although less

applicable in other cases (such as mammals for example).

Finally, our data give support to inferences of the evolu-

tionary molecular dynamics of a population by a compar-

ative approach, at least when the populations compared

derive from the same natural population and no dramatic

genetic changes have occurred.
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