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Abstract

Clinal variation is one of the most emblematic examples of the action of nat-

ural selection at a wide geographical range. In Drosophila subobscura, parallel

clines in body size and inversions, but not in wing shape, were found in

Europe and South and North America. Previous work has shown that a

bottleneck effect might be largely responsible for differences in wing trait–
inversion association between one European and one South American popu-

lation. One question still unaddressed is whether the associations found

before are present across other populations of the European and South

American clines. Another open question is whether evolutionary dynamics

in a new environment can lead to relevant changes in wing traits–inversion
association. To analyse geographical variation in these associations, we char-

acterized three recently laboratory founded D. subobscura populations from

both the European and South American latitudinal clines. To address tempo-

ral variation, we also characterized the association at a later generation in

the European populations. We found that wing size and shape associations

can be generalized across populations of the same continent, but may change

through time for wing size. The observed temporal changes are probably due

to changes in the genetic content of inversions, derived from adaptation to

the new, laboratory environment. Finally, we show that it is not possible to

predict clinal variation from intrapopulation associations. All in all this sug-

gests that, at least in the present, wing traits–inversion associations are not

responsible for the maintenance of the latitudinal clines in wing shape and size.

Introduction

One of the most well-known phenomena illustrating

the ability of species to cope with different environ-

ments is clinal variation. This variation has been attrib-

uted to the effects of natural selection and local

adaptation (Endler, 1986). One of the richest examples

of clinal variation is in the Drosophila genus, in which

variation correlated with altitude or latitude has been

found for several traits (Weeks et al., 2002; Santos et al.,

2006; Hoffmann & Weeks, 2007). A relevant trait that

has been shown to present clinal variation in Drosophila

is body size (James et al., 1997; Huey et al., 2000;

Gilchrist et al., 2001, 2004; Hoffmann & Weeks, 2007).

Several studies tried to assess the genetic basis of this

variation through QTL analysis or association with

genetic markers (Hoffmann et al., 2004; Hoffmann &

Weeks, 2007). These studies indicate that variation in

body size is in part associated with chromosomal inver-

sions. Latitudinal variation in different traits (namely

body size) can also be associated with these structural

chromosomal variants (Hoffmann & Rieseberg, 2008).

One striking example is the association between the

inversion In(3R)Payne and body size in Drosophila mela-

nogaster, which explains most of the variation found in
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nature for this trait (Weeks et al., 2002; Calboli et al.,

2003; Rako et al., 2006; Kennington et al., 2007).

Examples of size or shape associations with chromoso-

mal inversions have also been found in other Drosophila

species (Ruiz et al., 1991; Fern�andez Iriarte et al., 2003;

Yadav & Singh, 2007; Hatadani & Klaczko, 2008). Addi-

tionally, studies in Drosophila subobscura have also

reported associations between chromosomal inversions

and wing size (Krimbas, 1967; Prevosti, 1967; Orengo

& Prevosti, 2002; Fragata et al., 2010). Nevertheless, the

stability of these associations across time and space, par-

ticularly considering the possible effect of clinal varia-

tion in inversion frequencies, has not been fully

addressed.

Drosophila subobscura is a Palearctic species where lati-

tudinal clines for both chromosomal polymorphisms

and wing traits have been reported (Prevosti, 1955;

Krimbas & Loukas, 1980; Menozzi & Krimbas, 1992;

Huey et al., 2000; Balany�a et al., 2003, 2006; Gilchrist

et al., 2004; Rezende et al., 2010). This species colonized

the Americas more than three decades ago (Brncic

et al., 1981; Prevosti et al., 1985, 1988; Rezende et al.,

2010), with the first reports in 1978 in South America

(Brncic et al., 1981) and in 1982 in North America

(Beckenbach & Prevosti, 1986). These two colonizing

events were not independent (Mestres et al., 1990;

Rozas & Aguad�e, 1991; Balany�a et al., 1994, 2003). Pas-

cual et al. (2007) showed that the initial colonization

was from Europe to South America and involved

approximately seven effective founders that arrived to

Puerto Montt (the likely epicentre of the South Ameri-

can colonization). Subsequently, a larger number of

individuals (100–150 effective founders) from Chile

colonized North America. The strong bottleneck in the

colonization of South America led to a reduction in

inversion polymorphisms, remaining around 24% of

the chromosomal arrangements known in the Old

World (Prevosti et al., 1988). Only a few years after the

colonization, clines similar to those in the ancestral

populations were observed in both continents (Prevosti

et al., 1985, 1988; Krimbas, 1992; Huey et al., 2000;

Gilchrist et al., 2001, 2004; Sol�e et al., 2002; Balany�a
et al., 2003, 2004; Rezende et al., 2010). The rapid for-

mation of both body size and inversion clines in the

Americas, together with the consistent clinal trends

worldwide, might suggest that the wing size cline had

been driven by the inversion polymorphism cline.

However, the formation of the clines was not simulta-

neous, with the inversion cline preceding the body size

cline (Pegueroles et al., 1995; Balany�a et al., 2003; San-

tos et al., 2004). As for wing shape, clines were also

observed in the Old and New World populations. In

this case, the fact that the shape cline in North America

predated the size cline suggests that it evolved as a cor-

related response of inversion frequency shifts (Santos

et al., 2004). Nevertheless, there was disparity of signs

between continents, with positive signs in Europe and

South America, and a negative sign in North America

(Huey et al., 2000; Gilchrist et al., 2001, 2004). This

suggests that, despite the milder bottleneck expected in

the colonization of North America as estimated by

Pascual et al. (2007), a founder effect associated with

the North American colonization might be responsible

for the differences in the shape cline, possibly due to

changes in the wing shape–inversion association. Over-

all, the picture that emerges is that, at least for the

New World populations, the wing size and inversions

clines appear to be uncoupled (Santos et al., 2005a),

but that might not be the case for wing shape (Santos

et al., 2004).

To estimate the association between wing traits and

chromosomal inversions and the possible effect of the

bottleneck associated with the colonization, Fragata

et al. (2010) analysed one population of South America

(Puerto Montt) and one European population (Adraga).

They observed that the association differed between

continents, for both wing size and wing shape. These

authors attributed these differences to the bottleneck

effect associated with the colonization (Latorre et al.,

1986; Prevosti et al., 1988; Mestres et al., 1990; Rozas &

Aguad�e, 1991; Balany�a et al., 1994; Pascual et al.,

2007), although other sources of genetic variation could

not be ruled out as only one population was analysed

in each continent. Moreover, no association was found

between wing size and inversions (grouped as ‘cold-

adapted’ standard arrangements vs. ‘warm-adapted’

nonstandard arrangements) for Puerto Montt, which

suggests that the two clines evolved independently in

South America. On the other hand, the authors

advanced that the negative association between wing

shape and inversions in Puerto Montt – expected to

represent the pattern of a North America colonizer

population – might explain the contrasting cline for

wing shape between Europe and South America vs.

North America. However, if other South American pop-

ulations have the same negative sign in the association

between wing shape and inversions, how can South

America present a positive cline for shape and inver-

sions? This would render extrapolations from associa-

tion patterns to clinal patterns invalid. On the other

hand, if the sign is not consistent across populations, it

might be the case that Puerto Montt was responsible for

the North American cline and other contingent pro-

cesses might have driven the South American cline. In

this last case, there might be a causal link between the

inversions and the wing shape clines.

Nevertheless, a general a priori expectation would be

that in South America differences between populations

in wing traits–inversion association should be reduced

due to the bottleneck effect of the colonization and the

recent history of the populations (Pascual et al., 2007;

Rezende et al., 2010). However, in the ancestral Euro-

pean populations, variation can occur due to historical

events and so differences in the association between
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wing traits and inversions might arise. In fact, the

southern peninsulas of Europe acted as refugia for

many species (including D. subobscura; Krimbas & Lou-

kas, 1980) at the height of the last Weichselian ice age

(20 kya), species which rapidly expanded northward as

the climate warmed (Hewitt, 2000). This glacial–inter-
glacial climatic reversal resulted in highly differentiated

populations and, therefore, it is not clear whether size–
inversion associations detected in source populations of

D. subobscura from the Iberian Peninsula (Orengo &

Prevosti, 2002; Fragata et al., 2010) can be generalized

to the whole Palearctic region.

Considering all of the above, an interesting question

is to address whether or not we can generalize

intrapopulation association of wing traits and inversions

to other populations of the same continent. Another

interesting question is whether size–inversion associa-

tion may also change due to adaptation to a new envi-

ronment. Adaptation to new environmental conditions

might lead to changes in the association as a result of

variation in inversion frequencies across populations

and/or changes in the genetic content of inversions

directly affecting size. In fact, Fragata et al. (2014a)

found significant changes in inversion frequencies dur-

ing adaptation to the laboratory, which ultimately

might impact on traits affected by them.

In this study, we aim to test whether we can general-

ize results obtained from one single population to the

continent level using populations from different lati-

tudes and thus also test the repeatability of the wing

traits–inversion associations found previously (Fragata

et al., 2010). Our data will also contribute to the debate

on whether wing trait clines are driven by associations

with inversions. To tackle these issues, we analysed the

association between wing traits and inversions in three

D. subobscura populations along the cline of each conti-

nent (Europe and South America). To test the repeata-

bility of our study relative to Fragata et al. (2010), we

sampled both populations analysed in the latter study.

Additionally, we analysed European populations after

25 generations in the laboratory testing for temporal

changes in the association as a result of adaptation to a

new environment. Moreover, we tested whether

changes in associations through space and time could

be explained solely by variation in inversion frequen-

cies across populations.

Material and methods

Founding and maintenance of populations

European D. subobscura individuals were collected in

August 2010 from three locations along a latitudinal

gradient – Adraga (38°480N, 9°290W – Portugal), Mont-

pellier (43°360N, 3°500E – France) and Groningen

(53°140N, 6°330E – Netherlands), originating three foun-

dations in the laboratory. The number of founding

females was 234 for Adraga, 171 for Montpellier and

160 for Groningen. Females were maintained as fami-

lies during the first two generations as described previ-

ously (Fragata et al., 2014a, b). At generation three, an

equal number of individuals from all lines was ran-

domly mixed, giving rise to the outbred populations.

All foundations were three-fold replicated at generation

4.

South American individuals were collected in

November 2010 from 3 distinct locations in Chile fol-

lowing a latitudinal gradient – Santiago (33°270S,
70°420W), Chill�an (36°300S, 72°060W) and Puerto

Montt (41°280S, 72°570W), giving rise to three founda-

tions in the laboratory. Fifty isofemale lines were main-

tained per foundation and originated a F2 outbred

population (see also Casta~neda et al., 2013). At genera-

tion three, these South American populations (three-

fold replicated) were brought to our laboratory during

their development stage and were thereafter main-

tained following the same procedure as used for the

European foundations.

Populations were maintained with synchronous dis-

crete generations of 28 days, reproduction close to peak

fecundity, photoperiod of 12 hours of light : 12 hours

of dark at 18 °C, with census sizes generally between

500 and 1200 individuals. Flies were kept in vials with

controlled density both for eggs (around 70 per vial)

and adults (around 50 per vial). At each generation,

flies emerging from the several vials of a given popula-

tion were thoroughly randomized 4–5 days after emer-

gence, using CO2 anaesthesia. Egg collection for the

next generation was performed 1 week later (Matos

et al., 2002; Sim~oes et al., 2008; Santos et al., 2012).

Chromosomal inversions

Analyses of chromosomal inversion polymorphism were

performed at generation 6 in both European and South

American populations and again at generation 25 in

the European populations. Males from the populations

were individually crossed to three or four virgin

females of the chcu homokaryotypic marker strain to

identify the gene arrangements of one set of the five

major wild-type chromosomes in one female larvae

(the other set of homologous chromosomes coming

from the chcu strain; Balany�a et al., 2004; Fragata et al.,

2014a). Around 100 males were scored per population

and generation. The chromosomal arrangements were

classified according to Kunze-M€uhl & M€uller (1958)

and Krimbas (1993).

Similar to Fragata et al. (2010), the parameter Stan-

dard dose – total number of standard gene arrangements

across the five chromosomes per individual (ranging

from 0 to 5) – was used to obtain a global estimate of

the association between chromosomal inversions and

wing traits. Moreover, as in Fragata et al. (2010), we

partitioned the chromosomal arrangements into two
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groups, taking into account the correlation between

inversions frequencies and latitude (see Menozzi &

Krimbas, 1992; Orengo & Prevosti, 2002). One group

includes ‘cold-adapted’ standard gene arrangements

(Standard) and the other ‘warm-adapted’ (Nonstan-

dard) gene arrangements (see also Rodr�ıguez-Trelles
et al., 2013).

Wing traits

Wing size and shape were measured as previously

described (Fragata et al., 2010). Briefly, wings were

removed from each male scored for inversions and

were fixed under cover slips on microscope slides. Bit-

map images were captured and then used to record the

x and y coordinates of 13 morphological landmarks [for

an open access figure showing the landmarks used in

this work, see Santos et al. (2005b) – http://

www.biomedcentral.com/1471-2148/5/7].

From the original landmark coordinates, wing size

was estimated as centroid size (CS), namely, as the

square root of the sum of the 26 squared Euclidean

distances (x and y directions separated) of the 13 land-

marks to the centroid (centre of gravity; Dryden &

Mardia, 1998, p. 24). Wing shape was defined as the

ratio of the basal length of longitudinal vein IV (L1:

Euclidian distance between landmarks 9 and 13) to the

total length of this longitudinal vein (L1 + L2, where

L2 is the Euclidean distance between landmarks 13

and 5 – http://www.biomedcentral.com/1471-2148/5/

7). The reason is that these combined linear measure-

ments L1 + L2 had been used by Prevosti (1955) to

estimate wing length in D. subobscura, and thereafter

used by Huey et al. (2000) and Gilchrist et al. (2001,

2004) to estimate clinal variation of wing shape (L1/

(L1 + L2)), and by Fragata et al. (2010) in their study

of wing shape–inversion associations in Adraga and

Puerto Montt. Analyses were performed using the log-

transformed CS values and using the arcsine transfor-

mation of the wing shape (WS).

Statistical methods

Association between wing traits and standard dose
For each European and South American foundation, an

ANCOVA model was applied to test for an association

between wing traits and standard dose. For the Euro-

pean foundations, this model was performed using data

from generation 6 and 25 separately. The model was

the following:

Y ¼ lþ Popþ ST-doseþ e; (1)

where Y refers to either Logarithm of CS or wing shape

(WS), Pop is a random factor that corresponds to the

three replicate populations of each foundation, ST-dose

is the covariate that corresponds to the number of stan-

dard gene arrangements per individual and ɛ is the

residual error. Similar to the model used by Fragata

et al. (2010), interactions with replicate populations

were not defined as a separate term, being included in

the residual error (see Winer, 1971, pp. 391–394). This
pooling was also performed in all analyses involving

replicate populations.

To analyse whether or not the association could be

generalized within each continent, the following ANCOVA

model was applied:

Y ¼ lþ Found þ PopfFoundg þ ST-doseþ ST-dose � Found
þ e;

(2)

where Found is a random factor that corresponds to the

three foundations of each Continent with Pop nested

within foundation.

To test for differences between continents, the fol-

lowing ANCOVA model was applied:

Y ¼ lþ Cont þ FoundfContg þ PopfFoundfContgg
þ ST-doseþ ST-dose � Cont þ ST-dose � FoundfContg
þ e;

(3)

where Cont is a fixed factor that refers to the two conti-

nents with Found (random effect) nested in each conti-

nent.

An ANCOVA model was also applied to test for possible

changes in the association between wing traits and

standard dose across generations, in the European

foundations. The model was the following:

Y ¼ lþ Popþ ST-doseþ Genþ ST-dose � Genþ e; (4)

where Gen is a fixed factor that refers to the genera-

tions analysed.

To analyse whether the association changed differ-

ently between generations for the specific European

foundations studied, the following ANCOVA model was

applied:

Y ¼ lþ Found þ PopfFoundg þ ST-doseþ Genþ ST-dose

� Found þ Gen � ST-doseþ Gen � Found þ ST-dose

� Gen � Found þ e;

(5)

where Found was defined, in this case, as a fixed factor

with three categories.

To test for repeatability of the results of our study

with those of Fragata et al. (2010), the following ANCOVA

model was applied to the Adraga and Puerto Montt

data separately:

Y ¼ lþ Year þ PopfYearg þ ST-doseþ ST-dose � Year þ e;

(6)

where Year is a fixed factor that refers to the data

obtained in the two different studies and Pop is a ran-

dom factor nested within each year (replicate popula-

tions).
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Association between wing traits and gene arrangements
in each chromosome
Associations between standard and nonstandard gene

arrangements and wing traits were also tested for each

chromosome separately. These involved the same linear

models described above (eqns 1–5), but instead of the

standard dose, we used information on the presence or

absence of standard gene arrangements in each chro-

mosome separately. False Discovery Rate (FDR) correc-

tion for multiple testing was applied whenever

required, according to Benjamini & Yekutieli (2001),

theorem 1.3. In particular, this was performed when

separate tests were made for each of the five chromo-

somes, or in pairwise comparisons between popula-

tions. All analyses were performed using Statistica 8.0

(StatSoft, 2007).

Predicting temporal and spatial changes in the size–
inversion associations
In order to test whether the wing size–inversion associ-

ation in the different European foundations could be

predicted from spatial and temporal changes in inver-

sion frequencies, we performed simulations assuming

that inversions have two alleles (or classes), standard

vs. nonstandard affecting body size additively. For each

generation, average effects of allelic substitution (Fal-

coner & Mackay, 1996) of each chromosome allele on

size were calculated for the pooled data of each founda-

tion (used as source foundation) and were combined

with the inversion frequencies of the foundation under

study (focal foundation) to generate the association.

Average effects of each source foundation were applied

to estimate the association in focal foundations varying

in space and/or time. Specifically, we simulated the

association between wing size and inversions for a total

of 500 genotypes per foundation. Using the different

standard and nonstandard inversion frequencies of the

focal foundation, we constructed random genotypes,

assuming Hardy–Weinberg equilibrium. The size of each

randomly generated individual was calculated as the

sum of the average effect of each chromosome class

(from a given source foundation) in its karyotype. We

then calculated standard dose by constructing haplo-

types by randomly sampling one of two homologous

chromosomes from each individual. The association was

calculated as a simple regression using the standard dose

and size of these 500 randomly constructed individuals,

and 95% confidence intervals were estimated. Compar-

isons with Adraga did not include data from the U chro-

mosome as UST was not present in this foundation.

For each generation and foundation, the results of

these simulations were compared to the slopes and

95% confidence intervals obtained for the real data

through bootstrap resampling. The bootstrap technique

used was similar to that of Sim~oes et al. (2008), with

resampling of the residuals obtained from the wing

size–standard dose regression of each foundation.

We performed 9999 iterations per foundation and

generation for both the simulations and bootstrap anal-

yses. Both analyses were performed using R (R Core

Team, 2015).

Results

Association between wing traits and standard dose

Analysis per foundation
We tested the association between wing traits (wing

size and shape) and standard dose for each foundation

independently. In generation 6, for both European and

South American foundations, no significant association

was found for wing size (Fig. 1; Table 1). Nevertheless,

all foundations presented a positive sign in the associa-

tion, with the exception of Puerto Montt (Table 1). At

generation 25, there was a significant positive associa-

tion between standard dose and wing size in all of the

European foundations (Fig. 1; Table 1).

As for wing shape, its association with standard dose

was significantly negative in all South American foun-

dations. None of the European foundations at genera-

tion 6 or 25 had a significant association (Fig. 1,

Table 1). Nevertheless, they presented a negative sign

of the association between wing shape and standard

dose, except Adraga, which presented a positive sign.

When testing the effect of standard vs. nonstandard

arrangements, no consistent patterns were observed

across foundations of the same continent (Table S1).

The only exception was the significant effect of OST in

wing shape for all three South American foundations

(Table S1b).

Analysis within and between continents
An ANCOVA model including all foundations in each con-

tinent was applied to the data of generation 6 in order

to test whether the patterns observed in each founda-

tion could be generalized to the whole Continent.

Results were similar to those described above for each

foundation independently: (i) no significant association

between standard dose and wing size was found within

each continent; (ii) a negative association between

standard dose and wing shape was found within South

America (Table 2). Moreover, no differences were

found between foundations within Continents for

either association (Table 2, Table S3a). When compar-

ing wing traits vs. standard dose association between

continents, no differences were found for wing size

(F1,4.5 = 1.397, P = 0.296), whereas significant differ-

ences were observed for wing shape (F1,5.06 = 16.910,

P = 0.009), with a strong negative sign in South Amer-

ica (see also Fig. 1).

Pairwise differences between European and South

American foundations were also performed (Table S3b).

Interestingly, only the foundations that were analysed

in the previous study (Fragata et al., 2010), Adraga and
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Puerto Montt, presented significant differences in the

association between wing shape and standard dose after

FDR correction (F1,602 = 6.651, P = 0.010) – see

Table S3b.

Comparing our data with that of Fragata et al.

(2010), we observed differences in wing size for both

Adraga and Puerto Montt, but no significant differences

in the association with standard dose (Table S4). No dif-

ferences were found between studies either in wing

shape, or in the association between wing shape and

standard dose (Table S4).

We also tested the association between wing traits and

specific standard inversions both within and between

continents. For wing size, we found a significant effect

Fig. 1 Linear regressions of the association between wing traits and standard dose. Association between wing size and standard dose for

South American populations (a), European populations at generation 6 (b) and at generation 25 (c) is shown. Association between wing

shape and standard dose for South American populations (d); European populations at generation 6 (e) and at generation 25 (f) are

shown. Ad, Adraga; Mo, Montpellier; Gro, Groningen; Ch, Chill�an; Sa, Santiago; PM, Puerto Montt.

Table 1 Linear regressions for the association between wing size and shape and standard dose for all foundations studied. Parameters were

estimated from ANCOVA (model 1).

Continent Gen Found d.f. error

Wing size Wing shape

Equation R2
Adj Equation R2

Adj

Europe 6 Ad 291 0.0016x + 0.4709 n.s. �0.00023 0.0004x + 0.8181 n.s. 0.0514

Mo 275 0.0011x + 0.4650 n.s. 0.03250 �0.0009x + 0.8168 n.s. 0.0131

Gro 296 0.0004x + 0.4890 n.s. 0.01143 �0.0009x + 0.8184 m.s. 0.0005

25 Ad 303 0.0047x + 0.4640*** 0.13065 0.0009x + 0.8149 n.s. 0.0627

Mo 289 0.0021x + 0.4781*** 0.10387 �0.00009x + 0.8169 n.s. 0.1962

Gro 293 0.0024x + 0.47291*** 0.05498 0.0004x + 0.8075 n.s. 0.0517

South America 6 Ch 303 0.0009x + 0.4839 n.s. �0.00068 �0.002x + 0.8224 *** 0.0468

Sa 314 0.0005x + 0.4720 n.s. 0.15978 �0.0019x + 0.8202 *** 0.0558

PM 311 �0.0011x + 0.4828 n.s. 0.06960 �0.0024x + 0.8262 *** 0.1163

Ad, Adraga; Mo, Montpellier; Gro, Groningen; Ch, Chill�an; Sa, Santiago; PM, Puerto Montt, see also Material and Methods.

Significance levels: P > 0.1 n.s.; 0.1 > P > 0.05 m.s.; P < 0.001***.
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of the E chromosome for European populations (see

Table S2). As for wing shape, we found a significant

effect of the O chromosomes for South American popu-

lations (Table S2). Significant differences between foun-

dations in this association were only observed in Europe

for wing shape and the U chromosome (Table S2). When

comparing the two continents, we found significant

differences for the association between wing size and A

inversions (ANCOVA, F1,1794 = 7.358, P = 0.007), with AST

bigger than ANonST individuals in Europe and the reverse

in South America (Fig. S1). We also found significant

differences between continents for wing shape and E

inversions (ANCOVA, F1,1794 = 14.546, P = 0.0001), with

EST individuals presenting higher values that the non-

standard counterparts in Europe, whereas the opposite

pattern was found in South America – see Fig. S1.

Analysis between generations in the European
foundations
The ANCOVA test across foundations showed significant

differences between the two generations in the wing

size–standard dose association (F1,1748 = 7.357,

P = 0.007), with similar patterns across foundations

(ANCOVA Foundation*Generation*St-dose interaction –
F2,1748 = 1.129, P = 0.323). Nevertheless, ANCOVAs per-

formed per foundation indicated that the association

changed significantly (from null to positive) only

in Groningen (Gro: F1,589 = 7.009, P = 0.008; Ad:

F1,593 = 3.711, P = 0.055; Mo: F1,566 = 0.186,

P = 0.667). For wing shape, no temporal differences in

the association were found either in all foundations

(F1,1748 = 1.194, P = 0.275); for each foundation (Gro:

F1,589 = 3.376, P = 0.067; Ad: F1,593 = 0.080, P = 0.777;

Mo: F1,566 = 0.030, P = 0.863); or between foundations

(F2,1748 = 0.571, P = 0.565).

Additionally, the association between standard/non-

standard inversions and wing traits was also studied

between generations. ANCOVAs between generations indi-

cated significant changes only for Groningen, specifically

in the association between OST and wing size

(F1,589 = 5.390, P = 0.021), which changed from nega-

tive to positive sign (Table S1). As for the wing shape

association, significant changes between generations

were only found for Groningen, specifically for the UST

(F1,589 = 6.105, P = 0.014). As observed for wing size,

the sign of the association shifted from negative to posi-

tive values from generation 6 to 25 (Table S1). Overall,

we did not find differences between foundations in the

temporal changes of this association (ANCOVA, P > 0.05).

Predicting temporal and spatial changes in size–
inversion associations
Comparisons between the distributions of real and sim-

ulated size–inversions associations allow us to test

whether changes in inversion frequencies can explain

differences in associations across space and/or time.

Assuming a similar additive effect of standard and non-

standard inversions on body size between foundations,

and taking into account the inversion frequencies of

the focal foundations, we expect that real associations

fall within the 95% boundaries of the simulated associ-

ation. On the other hand, real associations outside of

the confidence interval suggest that the average effects

of the focal are not similar to those of the source foun-

dations.

We observed that differences between the two distri-

butions were only found in comparisons across genera-

tions (Fig. 2, Table S5), namely we found that the

association for the Adraga foundation at generation 25

could not be predicted with the average effects of body

size from any source foundation in generation 6. Also,

average effects from Groningen at generation 6 could

not predict the association of any foundation at genera-

tion 25. When comparing our data with that of Adraga

foundation from Fragata et al. (2010), we observe that

this foundation could not explain the patterns observed

in Montpellier at either generation 6 or 25 (Table S5).

Discussion

Can wing trait–inversion associations be
generalized at a geographical scale?

In this study, we found a consistent association

between wing shape and standard dose for all South

American populations. On the other hand, no associa-

tion between wing size and standard dose was found

for Europe in generation 6. Therefore, the previously

observed wing shape association for Adraga and Puerto

Montt (Fragata et al., 2010) can be generalized to other

populations of the same continent, but not the wing

size association pattern in Adraga.

Specifically for wing shape, we found a negative asso-

ciation between this trait and chromosomal inversions

for all three South American foundations analysed. Also,

as previously obtained for one European foundation

(Adraga; Fragata et al., 2010), no association was found

in Europe. Furthermore, as suggested from the compar-

isons between Adraga and Puerto Montt in the two

independent studies, we found differences between

Europe and South America for this association. We can

therefore reinforce the argument of Fragata et al. (2010)

Table 2 Analysis of differences in the association between wing

traits and standard dose between foundations within each continent

using ANCOVA. Standard dose (SD) was defined as covariate.

Continent Parameter/Model Wing size Fdf1,df2 Wing shape Fdf1,df2

Europe SD F1,3.2 = 6.532 m.s. F1,2.5 = 1.521 n.s.

Found*SD F2,862 = 0.349 n.s. F2,862 = 0.735 n.s.

South

America

SD F1,2 = 0.033 n.s. F1,2 = 135.699**

Found*SD F2,928 = 2.458 m.s. F2,928 = 0.364 n.s.

Significance levels: P > 0.1 n.s.; 0.1 > P > 0.05 m.s.;

0.01 > P > 0.001**.
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pointing to a bottleneck effect that produced similar pat-

terns of wing trait–inversion association in all colonizing

populations, while at the same time originating differ-

ences between continents in the association of wing

shape and inversions. A general bottleneck effect sub-

stantially reducing genetic variation in American D. sub-

obscura populations has already been reported in several

studies (Latorre et al., 1986; Prevosti et al., 1988; Mestres

et al., 1990; Rozas & Aguad�e, 1991; Balany�a et al., 1994;

Pascual et al., 2007). Such strong effect of colonization

may explain changes in the association seen here as well

as in Fragata et al. (2010).

In particular, variation in shape was explained by the

effect of inversions in the O chromosome, a pattern con-

sistent for all South American populations. Fragata et al.

(2010) also found an effect of O inversions in wing shape

(Adraga and Puerto Montt). Interestingly, the O chromo-

some is the largest in this species (Laayouni et al., 2007;

Santos et al., 2010) and presents the highest level of

inversion polymorphisms (Krimbas, 1992, 1993). Addi-

tionally, the O chromosome has been amply studied at

the molecular level, with reports of high linkage disequi-

librium of genes within inversions (Munt�e et al., 2005;

Pegueroles et al., 2010; S�anchez-Gracia & Rozas, 2011).

Fig. 2 Comparisons of real and

simulated slopes for the European

foundations at generation 6 and 25.

Real slope (red line) and bootstrap

confidence interval (shaded interval) for

each focal foundation are shown.

Confidence intervals for simulated

slopes (based on estimated additive

effects of each source foundation) are

indicated by horizontal bars. Ad,

Adraga; Mo, Montpellier; Gro,

Groningen.
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Linkage within these inversions may facilitate the associ-

ation between inversions and phenotypic traits. Other

studies in D. subobscura have also associated the genetic

content of inversions in the O chromosome with differ-

ent traits such as thermal preference (Dolgova et al.,

2010), knockdown temperature and Hsp70 expression

levels (Calabria et al., 2012). It is therefore tempting to

conclude that inversion polymorphisms, particularly on

the O chromosome, have a high impact in shaping mor-

phological and physiological features of this species.

Interestingly, the O chromosome is homologous to the

3R chromosome arm in D. melanogaster, where the inver-

sion In(3R)Payne – which has been associated to genetic

variation in body size (Rako et al., 2006) – is located.

Moreover, associations between the second chromosome

inversions (homologous to 3R in D. melanogaster) and

wing traits in Drosophila buzzatii (Fern�andez Iriarte et al.,

2003) and Drosophila mediopunctata (Hatadani & Klaczko,

2008) have also been found.

As for the wing size vs. standard dose association,

patterns were similar in each continent, as no associa-

tion was found for both European and South American

populations. These findings contrast with the positive

association for wing size found in Fragata et al. (2010)

for the European population. Changes in natural popu-

lations, differences in laboratory environments and/or

some degree of laboratory evolution may be responsible

for these differences.

Can changes in inversion frequencies explain
variation in the genetic associations across space
and time?

We found that adaptation to the laboratory environment

led to clear temporal differences in the association

between wing size and standard dose, particularly for

Groningen populations. This could be explained by gen-

eral changes in standard inversion frequencies across

generations, variation in the nonstandard composition of

the populations or differences in the genetic content

inside inversions specifically affecting size. In general, we

found that the genetic association between body size and

inversions could be somewhat predicted across founda-

tions from different locations based on differences in

frequencies of standard inversions of the same genera-

tion. However, the ability to predict patterns involving

foundations from different generations was less evident,

both for Groningen and Adraga. This was the case even

when trying to predict the temporal changes from data of

the same foundation. This suggests that, in general,

changes in standard inversion frequencies cannot

account for the temporal differences in the association of

the European foundations. Additionally, variation in the

nonstandard composition of our populations is not likely

to explain temporal changes in the association, as the dif-

ferences in nonstandard frequencies are higher across

geographical locations (FST for nonstandard inversions –

generation 6: 0.148; generation 25: 0.200) than across

generations (FST: 0.118). Thus, the most likely explana-

tion for the temporal changes in the size–inversion asso-

ciation relates to differences in the genetic content of

inversions between generations in the laboratory, partic-

ularly for standard chromosomes. These results suggest

that a parallel evolutionary change of genetic content of

inversions occurred in our foundations, remaining simi-

lar across generations. This contradicts our expectation

that different genetic content of inversions may play a

role in the disparities observed between the quick evolu-

tionary convergence for body size (Fragata et al., 2014b)

and the lack of such convergence in inversion frequen-

cies (Fragata et al., 2014a). It should be emphasized,

though, that such explanation may still be valid for other

traits (e.g. fecundity and starvation resistance – Fragata

et al., 2014b).

Interestingly, the O chromosome was again involved

in changes in the wing trait–inversion association, in

this case associated with the temporal changes in the

size–inversion association, particularly in Groningen.

Further research on the genetic content of O inversions

can reveal possible genes associated with these tempo-

ral changes. To the best of our knowledge, no study

has yet compared the evolution of the wing size–inver-
sion association after introduction in a new environ-

ment. The most similar study was done by Santos et al.

(2005a), who found no differences across years in the

association between wing length and inversions in

D. subobscura. However, the lack of temporal changes in

this case may be due to the fact that the experimental

populations were kept 2 years in the laboratory before

the start of the study.

Contrary to what we found for the temporal asso-

ciation, the wing size–inversion association did not differ

between geographical locations. In this case, the non-

significant differences between real and simulated

correlations, using source populations from the same

generation, suggest that geographical differences in the

genetic content of inversions affecting body size, if

present, are relatively minor. In fact, some different pre-

dicted associations between inversions and body size are

obtained from data of different foundations within gen-

erations (Fig. 2). These patterns might be due to a slight

effect of differences in genetic content or nonstandard

composition between foundations, not strong enough to

cause disparities between real and simulated slopes.

Interestingly, the In(3R)Payne inversion showed a

similar effect on body size across distinct D. melanogaster

populations from the Australian cline (Rako et al.,

2006). In general, these patterns are also in agreement

with some molecular studies in D. melanogaster and D. sub-

obscura suggesting low within inversion differentiation in

some populations across latitudinal clines (Kennington

et al., 2006; Sim~oes et al., 2012; Pegueroles et al., 2013).
It is important to mention that one possible limitation

in our ability to predict the wing size association relates
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to the fact that we are assuming that inversions con-

tribute only additively to the body size. While this sce-

nario is a good proxy, particularly for morphological

traits (Falconer, 1953; Roff & Mousseau, 1987; Ruiz

et al., 1991), nonadditive variation may also be

involved. Specifically, if dominance or epistatic effects

are relevant, temporal changes in frequencies of inver-

sions might affect the association of inversions with size

without implicating changes in the genetic content.

Nevertheless, if such nonadditive effects are important,

different frequencies of inversions between foundations

would lead to contrasting estimates of average effects of

allelic substitutions in the same generation. Our data

comparing real and simulated associations do not

support such strong effects.

Are wing trait clines driven by associations with
inversions?

Interestingly, the negative association between wing

shape and standard dose found here for three indepen-

dent South American populations contrasts with the pos-

itive clinal variation for both wing shape and standard

inversions in that continent (Balany�a et al., 2003; Gilchr-

ist et al., 2004; Rezende et al., 2010). Therefore, one

could not predict the sign of the cline from the associa-

tion between wing shape and standard dose observed in

South America. This rationale limits extrapolations from

associations between wing shape and inversions to clinal

variation in general, contrary to what Fragata et al.

(2010) suggested specifically for North America. Further-

more, no meaningful association between wing size and

inversions was found in South American populations. A

causal link in the emergence of both clines has been

questioned before, given the temporal decoupling of

their evolution in the New World populations (see San-

tos et al., 2004).

We also found a lack of association between wing size

and inversions in the European populations at a recent

generation after laboratory introduction. Extrapolations

to natural populations using populations with more gen-

erations in the laboratory can be troublesome, as we

found that adaptation to the laboratorial environment led

to changes in the wing size-inversion association. Given

these findings, one can argue that in general the clinal

pattern observed for wing size across continents cannot

be explained by associations between this trait and inver-

sions within populations. While this statement clearly

applies to the present patterns in Europe, the evolution of

wing trait–inversion associations that we observe here

suggests that such decoupling might not have been pre-

sent at the time of formation of the European clines.

Concluding remarks

Overall our results show that wing trait–inversion asso-

ciations can be generalized across populations of the

same continent. However, we show that wing size–in-
version association may evolve during adaptation, pos-

sibly due to changes in the genetic content of

inversions. Here, we also show that one cannot predict

clinal patterns from associations between wing traits

and inversions for both Europe and South American

populations. We conclude that, at present, association

between inversions and size is not responsible for the

maintenance of the body size cline in European D. sub-

obscura populations.
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