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Adaptation and correlated fitness responses over two time
scales in Drosophila suzukii populations evolving In

different environments

Short title: Adaptation and correlated fitness responses in Drosophila suzukii

Abstract (<250 words)

The process of local adaptation involves differential changes in fitness over time across
different environments. While experimental evolution studies have extensively tested for
patterns of local adaptation at a single time point, there is relatively little research that examines
fitness more than once during the time course of adaptation. We allowed replicate populations
of the fruit pest Drosophila suzukii to evolve in one of eight different fruit media. After five
generations, populations with the highest initial levels of maladaptation had mostly gone
extinct, whereas experimental populations evolving on cherry, strawberry and cranberry media
had survived. We measured the fitness of each surviving population in each of the three fruit
media after five and after 26 generations of evolution. After five generations, adaptation to
each medium was associated with increased fitness in the two other media. This was also true
after 26 generations, except when populations that evolved on cranberry medium developed on
cherry medium. These results suggest that, in the theoretical framework of a fitness landscape,
the fitness optima of cherry and cranberry media are the furthest apart. Our results show that
studying how fitness changes across several environments and across multiple generations
provides insights into the dynamics of local adaptation that would not be evident if fitness were
analyzed at a single point in time. By allowing a qualitative mapping of an experimental fitness
landscape, our approach will improve our understanding of the ecological factors that drive the

evolution of local adaptation in D. suzukii.
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8o Introduction

90 Adaptation to local environmental conditions plays a central role in the maintenance of
91  biodiversity (Levins 1968; Felsenstein 1976; Gillespie and Turelli 1989). In particular, when
92  selection is divergent across environments, if migration is low enough, rare genotypes can
93 accumulate in environments where they have the highest fitness (Deakin 1966; Gillespie 1975;
94  Svardal et al. 2015). Despite the importance of understanding this process of local adaptation,
95 its investigation in natural populations has been limited by a number of experimental and
96  conceptual factors (Rausher 1988; Fry 1996; Hansen et al. 2006; Barghi et al. 2020). In
97  particular, disentangling natural selection from genetic drift requires accurate fitness estimates
98  that are relevant to natural environments, a notoriously difficult task (Fry 1996; Forister et al.
99  2012). Heterogeneity in environmental conditions and lack of knowledge regarding the starting
100  populations represent additional challenges to studying the process of adaptation in natural
101  populations (Barghi et al. 2020).
102 Experimental evolution under laboratory conditions represents a powerful alternative
103  to studying the dynamics of local adaptation in the field (Fry 2003; Kawecki et al. 2012). The
104  approach consists of allowing replicated experimental populations to evolve in different
105 environments and performing reciprocal transplant experiments to study fitness changes in
106  each environment. Here, we call the environment in which a population is evolving the
107  selective environment. Reciprocal transplant experiments following experimental evolution
108 can reveal whether fitness changes in the selective environment (i.e., “direct fitness reponses”
109  sensu Bennet et al 1992) are greater than fitness changes in other environments (i.c., “correlated
110 fitness responses” sensu Bennet et al 1992). These experiments also can be used to test directly
111  for a pattern of local adaptation (Blanquart et al 2013) by investigating whether populations
112 have higher mean fitness in the selective environment (in this context also often called the

113 sympatric environment) than in other environments (the non-selective or allopatric
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114  environments). To emphasize that selective environments determine the selective pressures at
115 the origin of the process of local adaptation, we will hereafter solely use the terms selective
116  and alternative environments.

117 Evidence for the evolution of local adaptation has been mixed in experimental evolution
118  studies over a single time scale (for reviews see Fry 1996; Kassen 2002; Hereford 2009; Jasmin
119 and Zeyl 2013; Bono et al. 2017; Bergh et al. 2018). For example, adaptation to one
120  environment can be associated with an increase (e.g., Bennett et al. 1990; Magalhaes et al.
121 2009; Messina et al. 2009; Laukkanen et al. 2012; Messina and Durham 2013), a decrease (e.g.,
122 Fry 1990; Mackenzie 1996; Turner and Elena 2000; Agudelo-Romero et al. 2008; Bedhomme
123 et al. 2012; Messina and Durham 2015; Gompert and Messina 2016) or no change (e.g., Fry
124 2001) in fitness in other environments. These contrasting results are not actually contradictory
125 ifinterpreted in the light of evolutionary theory, particularly that based on invasion fitness and
126  evolutionary branching (Svardal et al. 2015) or based on fitness landscapes theory and Fisher’s
127  geometric model (Martin and Lenormand 2015). If a population has split into subpopulations
128  that experience two different environments with low migration, whether or not adaptation to
129  the selective environment leads to an increase in fitness in the alternative environment will
130  depend upon how similar those environments are to each other and to the ancestral environment
131  (Fig. 1). Specifically, whether adaptation to the selective environment leads to adaptation to
132  other environments is highly dependent on i) the (mal)adaptation of the ancestral population to
133  thetwo selective environments and ii) the amount of time a population has spent in the selective
134  environment. If the phenotypes that maximize fitness in the two new environments are similar
135  toeach other, but relatively different from the optimal phenotype in the ancestral environment,
136  adaptation will increase in both environments regardless of how long a population has
137  experienced an environment (Fig. 1A). In contrast, if the optimal phenotypes in the two new

138  environments are different from each other, but more similar to each other than they are to the
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139  optimal phenotype in the ancestral environment, whether or not adaptation to the selective
140  environment leads to an increase in fitness in the alternative environment will depend on when
141  fitness is measured because selection in the two environments changes over time from being
142  convergent to divergent (Fig. 1B). During the first few generations, adaptive evolution will
143  shift the mean phenotype in each environment in a similar direction, so that adaptation
144 increases in both environments (step 1 in Fig. 1B); but over time, those mean phenotypes will
145  diverge, resulting in adaptation in one environment and maladaptation in the other environment
146  (step 2 in Fig. 1B). This scenario shown in Fig. 1B is often not explicit in theoretical models
147  (e.g., Levins 1962), which often focus on predicting the outcome of evolution rather than the
148  dynamics of evolution (Roughgarden 1979). Consistent with the scenario shown in Fig. 1B, a
149  temporal reversal in the association between adaptation in a given selective environment and
150 fitness changes in alternative environments has been observed in experimental populations of
151  yeast (Jasmin and Zeyl 2013) and bacteria (Satterwhite and Cooper 2015; Schick et al. 2015).
152 Also consistent with Fig. 1B is the observation that negative associations between the rate of
153  adaptation in an environment and the rate of fitness decline in other environments are more
154  likely to be found in experimental evolution studies performed over about 10,000 generations
155  than in studies performed over fewer generations (Bono et al. 2017).

156 In all, we found only a handful of studies that evaluated adaptation and correlated
157  responses over more than one time period to test whether selection patterns change from
158  convergent to divergent (spider mite: Magalhées et al. 2009; yeast: Jasmin and Zeyl 2013;
159  bacteria: Satterwhite and Cooper 2015; Schick et al. 2015; virus: Agudelo-Romero et al. 2008).
160  Most of them considered adaptation to different environments of microorganisms grown from
161  asingle clone to different environments (Jasmin and Zeyl 2013; Satterwhite and Cooper 2015;
162  Schick et al. 2015). However, many natural populations of interest are macro-organisms, in

163  which population sizes are smaller and generation times longer than for experimental micro-
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164  organisms. In such populations, standing genetic variation can be expected to play a larger role
165 in adaptation to a new environment than de novo mutations (Barrett and Schluter 2008, Bailey
166 & Bataillon 2016). Although providing an important jumping off point, microbial studies
167  provide an incomplete picture of the process of local adaptation from standing genetic
168 variation. The spider mite study addressed this issue using genetically diverse spider mite
169  populations, and found a positive association between adaptation to a given environment and
170  fitness changes in other environments after both 15 and 25 generations (Magalhées et al. 2009).
171  This result suggests that populations adapted to two new environments whose fitness optima
172 were close to each other, as represented in Fig. 1A. Studies that investigate adaptation and
173 correlated responses to selection in genetically diverse populations adapting to a wide variety
174  of environments such that some are likely to be different from each other and from the ancestral
175  environment (Fig. 1B) are deeply needed.

176 The spotted wing drosophila, Drosophila suzukii Matsumura (Diptera: Drosophilidae),
177  represents an attractive biological model to address this issue. First, growth media made of
178  different fruits can be used to represent environments with different fitness optima (Olazcuaga
179 et al. 2019). When comparing natural D. suzukii populations sampled in different fruits,
180  Olazcuaga (2019) recently found that emergence rates were significantly higher on fruit media
181  corresponding to the fruit from which each population originated, than on fruit media
182  corresponding to alternative fruits. This suggests that the standing genetic variation that
183  segregates in natural populations is sufficient to adapt to different fruit media during
184  experimental evolution in the laboratory. In addition, D. suzukii presents several advantages
185  for experimental evolution including short generation time, small size, and relative ease of
186 maintenance of large populations over many generations in the laboratory. These
187  characteristics greatly facilitate a straightforward estimation of population mean fitness across

188  different environments, using the same protocol as the one used for experimental evolution.
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189  Consequently, this biological system does not rely on phenotypic traits that might be only
190 loosely associated with fitness in experimentally evolving populations. Finally, a better
191  understanding of the potential of D. suzukii to adapt to the fruits of different host plants is of
192  agronomic interest, as this species is a major pest of berries and stone fruits (Asplen et al. 2015).
193 In this study, we maintained D. suzukii populations on different fruit media and
194  investigated adaptation to those different media as well as fitness changes on alternative media
195 using reciprocal transplant experiments after five and 26 generations of evolution. We
196  specifically addressed the following questions: 1) Are populations able to adapt to all selective
197  environments at the same rate (i.e., are direct fitness responses positive and of the same
198 magnitude across environments)? 2) Are fitness changes in selective and alternative
199  environments of the same sign and magnitude across replicate populations evolving on the
200  same fruit medium? 3) Is there a reversal over time in the direction of the association between

201 fitness changes in selective and alternative environments?

202  Materials and methods

203  Field sampling

204  To initiate a laboratory population, approximately 1,000 D. suzukii flies (more than 500
205  females and 460 males) were collected using baited cup traps (Lee et al. 2013) at six sampling
206  sites within 10 km of Montpellier, France in September and October 2016. At this time of the
207  year, most of the fruit crops cultivated over large areas (e.g., cherries and strawberries) are no
208  longer available. Based on the literature (Poyet et al. 2015), we estimate that flies have
209  potentially emerged from more than 18 wild (i.e., non crop) host plants from nine families
210 available in the sampling area in October (Table S1). Thus our sampled individuals likely

211  emerged from a large range of host plants rather than a few specific host plants, enabling us to
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212  establish a laboratory population likely to harbor alleles that could potentially provide

213  adaptation to a large variety of host plants.

214  Laboratory maintenance

215  As we did not want to create a population adapted to a particular fruit, flies were maintained
216  for nine generations in 10 ml vials with standard laboratory fly food (consisting of sugar, dry
217  yeast, minerals and antifungal solution; Backhaus et al. 1984), prior to the start of the
218  experiment. This maintenance on a protein-rich medium likely selected for a combination of
219  phenotypic traits different from those selected on host fruits (which are likely to be poor in
220  proteins). Each generation, newly emerged adults were mixed across vials and randomly
221  distributed into groups of 20 adults in 100 new vials to maintain a large panmictic population
222  (i.e., ~2000 individuals) and as much genetic variation as possible. We chose this approach
223  rather than using isofemale lines to maintain genetic variation because linkage disequilibrium
224 in synthetic populations recomposed by crossing isofemale lines decreases additive genetic
225  variance (Kessner and Novembre 2015) and the subsequent response to selection. In addition,
226  selection among isofemales due to different degrees of inbreeding depression could reduce
227  genetic diversity at loci responsible for adaptation to different fruits. Our large population of
228  flies was maintained with discrete generations over two-week cycles (21°C, 65%, 16:8
229  day/night light cycle; see Olazcuaga et al. 2019 for details). Experimental evolution and

230  phenotyping were performed under the same temperature, humidity and light conditions.

231 Fruit media

232  To investigate the dynamics of fitness changes in selective and alternative environments, we
233  reared replicate populations on media made using fruit purees. To standardize generation time
234 and fitness estimation protocol across environments, we compare emergence rates across fruit
235 media (Fig. 4 in Olazcuaga et al. 2019). We chose eight fruit media where our population

236  exhibited similar emergence rates (blackcurrant, cherry, cranberry, fig, grape, strawberry, rose
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237  hips, tomato), and which correspond to host fruits attacked to varying degrees in the field
238  (Walsh et al. 2011; Cini et al. 2012; Bellamy et al. 2013; Steffan et al. 2013; Kenis et al. 2016;
239 Kandaetal. 2019).

240 To limit variation within each environment throughout the experiment and to directly
241  compare fruits that ripen at different times of the year, we used media made with frozen fruit
242  purees rather than whole fruits (recipe available in Olazcuaga et al. 2019). We hence assume
243  that temporal variation within each environment is minimal so that we can compare fitness
244 across phenotyping steps. We also assume that fruit media differ in their biochemical properties
245  and select for different phenotypic optima. This assumption seems reasonable, as adaptation to
246  some of these media varies across natural populations and matches the fruit from which they

247  originated (Olazcuaga 2019).

248  Experimental evolution experiment

249  The three phases of the evolution experiment are summarized in Fig. 2. During phase 1, we
250 established experimental populations by deriving replicate populations from our base
251  population and placing them on each of eight different fruit media (Fig. 2). Five replicate
252  populations were established per fruit (40 populations in total). Each population consisted of
253 400 adults (20 vials of 20 flies), which corresponds to a reasonably large population size to
254 limit genetic drift (Woodworth et al. 2002). Populations were maintained on a 21-day cycle.
255  For each vial, we placed 20 six-day-old flies into a vial filled with 10 ml of a single fruit
256  medium to mate and oviposit. At this stage of adult development, all adult females should be
257  ready to oviposit (Emiljanowicz et al. 2014). The sex ratio of the adults was neither controlled
258  nor measured. While not controlling sex ratio increased variation in the total number of eggs
259 among tubes, it made it possible to handle more flies, increase replication, and minimize
260  additional stress on the flies due to manipulation (for instance a longer time of CO:2 anesthesia).

261  The sex ratio did not evolve over the course of the experiment (Olazcuaga 2019). After 18
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262  hours, adults were removed. After 15 days, we anesthetized emerging adults from each
263  replicate population using CO2, mixed them across vials to produce 20 groups of 20 flies, each
264  placed in a vial with 5 ml of the same fruit medium. Adults could mature for 6 days before
265  starting the next cycle. At most 400 individuals per population were kept to produce the next
266  generation. If fewer than 400 individuals emerged, less than 20 vials were made but always
267  with 20 adults each. Populations were randomly distributed among eight racks (100 vials per
268  rack, composed of five populations of 20 vials each) and randomly arranged spatially in a
269  climate chamber. The 40 populations were reared in two temporal blocks separated by two
270  days.

271 By the fifth generation of experimental evolution, populations on blackcurrant, fig,
272  grape, rose hips or tomato were either extinct or close to extinction, with fewer than 30
273  individuals per population (4 to 28 individuals; see Appendix S1, Fig. S1). Experimental
274  populations persisted over the first five generations on cherry, cranberry and strawberry, but
275  some of the replicates had relatively small population sizes (mean of the population size after
276  five generations on fruit + sd for populations on cherry, cranberry and strawberry: 85.0 + 62.0,
277  89.6 +58.5 and 133.8 £ 134.8, respectively). During phase 2 (seven generations after the start
278  of the experiment), the five replicate populations on each fruit were pooled together to
279  counteract inbreeding depression that we assumed to be the main driver of the decline in
280  population size (1840, 420 and 2220 individuals pooled for cranberry, cherry and strawberry
281  respectively, with demographic and genetic stochasticity likely being responsible for
282  differences across fruit media).

283 During phase 3 (11 generations after the start of the experiment), the three pooled
284  populations had recovered (3040, 1560 and 1600 individuals for cranberry, cherry and
285  strawberry respectively) and were divided into five, three and three replicate populations for

286  cranberry, cherry and strawberry, respectively (with 500 individuals per replicate population;
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287  Fig. 2). The number of replicate populations per fruit depended on the number of individuals
288 available. During this third phase of experimental evolution, each population was maintained
289  at a size of 500 individuals (25 tubes of 20 individuals) using the same protocol as described
290 above for the first phase. Populations were randomly distributed among four racks (75 vials
291  perracki.e., three populations of 25 vials). The 11 populations were reared in a single temporal
292  block. To estimate Malthusian fitness at each generation, we counted the number of adults that
293  emerged from each vial (except during the pooling step where we counted the total number of
294 adults across all vials and computed an average fitness across vials).

295 To reduce experimental burden, we compared the fitness of evolved populations with
296 that of the ancestral population rather than to that of an evolved control population. As fruit
297  media were based on the same stock of frozen puree, we assume the variation in experimental
298  conditions across phenotyping steps to be small. Moreover, experiments using inbred lines
299  show that variation among replicates within a single phenotyping assay is as large as variation
300 between phenotyping assays several generations apart (Olazcuaga 2019). In addition, because
301 the combination of host fruits used by the population sampled in the wild was unknown, no
302  single fruit medium could represent an appropriate control for our experiment. Finally, using a
303  control population maintained on standard medium (as recommended by Fry 2003) was likely
304  inappropriate. Our ancestral population was likely adapted to our rearing schedule (discrete
305 generations over three weeks) but might not have been entirely adapted to the standard medium.
306  As aresult, control populations maintained on standard medium would have likely diverged
307  from the ancestral population over the course of the experiment. Small populations would have

308 experienced genetic drift while large populations would have experienced selection.
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309  Estimation of fitness changes in selective and alternative environments using reciprocal
310 transplant experiments

311  We estimated the average fitness of each population in each of the three fruit media (cherry,
312  cranberry and strawberry) during the initial, intermediate and final phenotyping steps
313  (respectively corresponding to one, seven and 29 generations after the start of the experiment;
314  Fig. 2), after one generation in a common garden (standard laboratory medium to standardize
315 maternal environmental effects; Fry 2003). Thus, populations had evolved for five and 26
316  generations in each selective fruit medium when their fitness was estimated during the
317  intermediate and final phenotyping steps respectively. In phenotyping we used the same
318  protocol as that used to maintain experimental populations and estimated fitness over the 21-
319 day life cycle (number of adults emerging that descended from the 20 initial adults from the
320  previous generation). We also counted the number of eggs in vial so that our fitness measure
321  corresponded to the product of number of eggs and egg-to-adult viability. During the initial
322  phenotyping step, the average fitness of the base population in each fruit medium was estimated
323  using 100 vials (two temporal blocks). The average fitness of each evolved population was
324  estimated in each fruit medium using between two and 32 vials during the intermediate
325  phenotyping step and 30 vials during the final phenotyping step (three and six temporal blocks,

326  respectively).

327  Statistical analyses

328  All analyses were performed using the R statistical software (R Core Team 2014).

329  Fitness change in selective environments

330 To investigate the temporal dynamics of adaptation, we used census data recorded each
331 generation during the three phases of the experiment. To avoid environmental effects

332  (including maternal effects), we excluded data from generations where individuals or their
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333  parents developed in standard medium. As we used discrete generations, we computed the
334  average Malthusian fitness of each population at the the ith generation as: m; = log (2%), where

335 N, is the average number of emerging adults per tube over one life cycle. For each generation
336 and each population, we considered the average fitness across vials and used the number of
337  vials counted as a weight in the analyses. To test for differences in the rate of adaptation among

338  fruit media, we fitted the following linear model on average fitness miji:

339 Mijki = generationi + phase; + selective_fruitk +
340 generation:selective_fruitik + phase:selective_fruitjx +
341 generation:selective_fruitik + €ijki (1),

342  where fixed effects included the effect of the ith generation as a covariate (generationi, with
343  i=2,..,27), the effect of the jth phase of experimental evolution (phasej, with either j=1,...,3),
344  the effect of the kth selective fruit (selective_fruitk, with i=1,..,3 for cherry, cranberry and
345  strawberry respectively), the interaction between the generation and selective_fruit effects, the
346 interaction between the phase and selective fruit effects. Random effects included the
347  interaction between the ith generation and the kth selective_fruit (mean of zero and variance
348  o%gen fruit) to control for potential batch effects among vials of the same fruit medium cooked
349  across generations. A random error (gijki mean of zero and variance c%es) accounted for the
350 variation among populations evolving on the same fruit medium. We compared several simpler
351  models derived from this full model that included none, one or more of the effects described
352  above), while keeping random effects in all models. All the models tested are listed in Table 1.
353  Due to their partial redundancy, the generation and phase effects were never tested together.
354  Models were ranked according to their corrected Akaike's information criterion (AlCc; Hurvich
355  and Tsai 1989) using the MuMIn package (Barton 2009). For each model, we computed AAICc
356  value as the difference between the AlCc of that model and the best fit model. Best competing

357  models with AlICc differences lower than two were considered as strongly supported by the

16/46


https://www.zotero.org/google-docs/?836QA2
https://www.zotero.org/google-docs/?836QA2
https://www.zotero.org/google-docs/?TyNth2
https://doi.org/10.1101/749945
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/749945; this version posted June 3, 2021. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

358  data, except when they differed by a single degree of freedom and had essentially the same log-
359 likelihood (Burnham and Anderson 2002).

360 Finally, a complementary analysis was performed on phases 1 and 3 separately to test
361  whether the rate of adaptation differed across replicate populations evolving on the same fruit

362  medium (see Appendix S1).

363  Comparison across populations of the direction of fitness changes in selective and alternative

364  environments
365 To quantify the direction and magnitude of fitness changes in selective and alternative fruit
366  media, we combined the data of the three phenotyping steps and fitted the following negative

367  binomial model (log link) on the number of adults, nij, that emerged from each tube:

368 nijx = test_fruiti + phenotyping_stepj + selective_fruitk + test_fruit:phenotyping_stepij
369 + test_fruit:selective_fruitik + test_fruit:phenotyping_stepjk +
370 phenotyping_step:selective_fruitjk + populationi  (2),

371  where fixed effects included the effect of the ith test fruit medium (test_fruiti, with i=1, 2 and 3,
372  for cherry, cranberry and strawberry respectively), the effect of the jth phenotyping step
373  (phenotyping_step, with either j=1, 2 and 3 for the initial, intermediate and final phenotyping
374 steps, respectively), the effect of the kth selective fruit medium (selective_fruitk, with k=1, 2
375 and 3, for cherry, cranberry and strawberry respectively), and their two-way or and three-way
376 interactions and a random population effect (population with mean of zero and variance %pop).
377  We used the glmer.nb function of the Ime4 package and computed the 95% confidence interval
378  of each parameter with 1,000 simulations using the bootMer function (Bates et al. 2015).
379  Similarly, we used a negative binomial model and a binomial model to respectively investigate
380 changes in fecundity (corresponding to count data) and in egg-to-adult viability (corresponding

381  to proportion data) between phenotyping steps.
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382  Correlation between fitness changes in selective and alternative environments

383  To investigate whether fitness changes in selective environments were associated with positive
384  or negative fitness changes in alternative environments, we used two approaches: i) for
385  populations from each pair of environments, we tested whether fitness changes in selective and
386 alternative environments were in the same or in different directions and ii) we tested whether
387  fitness changes in selective fruit media were significantly greater than fitness changes in
388 alternative fruit media. First, for each pair of environments and for the intermediate and final
389  phenotyping steps separately, we estimated the correlation coefficient between the average
390 fitness change of populations in their selective medium and their average fitness change in each
391  of the two alternative media using the sum of number of tubes of selective and fruit media as
392  weight and estimated its 95% confidence interval using the sjstats package (Ludecke 2018).
393  For each pair of fruit media, we estimated the difference between the correlation coefficients
394  estimated during the intermediate and final phenotyping steps and tested whether the 95%
395  confidence interval of this difference included zero (Zou 2007). To illustrate the relationship
396  between fitness change in selective and alternative fruit media, we estimated the intercept and
397 the slope of the regression of fitness change in alternative environments over fitness change in
398  selective environments using a Major Axis regression in the Imodel2 package (Legendre 2014).
399  This method requires the existence of variation across replicate populations and assumes that
400 the correlation between fitness changes in selective and alternative environments is
401  independent of the selective environment.

402 Second, to test whether fitness changes in selective fruit media were significantly
403  greater than fitness changes in alternative fruit media, we used ‘sympatric—allopatric’ (SA)
404  contrasts (Blanquart et al. 2013), a test that controls for variation among populations (e.g., due

405 to different levels of inbreeding) and among environments (e.g., due to differences in
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406  environment quality). To this end, we fitted the following linear model on the average fitness
407  change relative to the ancestor, sijk, for the intermediate and final phenotyping steps separately:
408 Sijk = test_fruiti + population; + test_fruit:selective_fruitik + SAik+ ik (3),

409  where fixed effects included the effect of the ith test fruit medium (test_fruiti, with i=1,...,3, for
410 cherry, cranberry and strawberry respectively), the effect of the jth population (population;,
411  with either j=1,..,14 or j=1,..,11 for the intermediate and final phenotyping steps,
412  respectively), the interaction between the ith test fruit and the kth selective fruit medium on
413  which the jth population evolved (selective_fruits, with k=1,...,3, for cherry, cranberry and
414  strawberry respectively), a sympatric vs. allopatric effect that measures local adaptation (SAi)
415  and a random error (gijk mean of zero and variance c2res). We did not include a selective_fruit
416  effect, which is already statistically accounted for by the population fixed effect. For each
417  population, we used the inverse of the variance of each estimate (se(sijk)?) as a weight in the
418 analyses. To test for a pattern of local adaptation, we used a two-way ANOVA and computed
419  a F-test with the appropriate degrees of freedom (eq. D1 in the supplementary information of
420 Blanquart et al. 2013). We performed a set of computer simulations showing that, at least in
421  our experimental setup (high replicate level and intermediate overdispersion of the count data),

422  the F-test proposed by Blanquart et al. (2013) can be applied to count data (see Appendix S3).

423 Results

424 Temporal fitness change in each selective fruit medium

425  Fitness change in each selective fruit medium is shown for the three phases of the experiment
426 in Fig. 3 and Fig. S1. During phase 1, fitnesses were initially negative in all eight fruit media
427  and differed significantly across fruit media (AAICc > 28.3 for models 14 and 15 without a
428  fruit effect, Tables S2), but not across populations evolving on the same fruit medium (AAICc
429  =9.48 for the model 12 including a population effect, Table S2). Temporal changes in fitness
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430  differed across fruits (AAICc = 2.12 for the model 10 without an interaction between the fruit
431  and generation effects, Table S2). Populations with the lowest initial fitness (Table S3) went
432  extinct by the fifth generation due to demographic effects, so that subsequent fitness changes
433  could only be measured on cherry, strawberry and cranberry media.

434 Between the start and the end of the experiment (generations 2 and 27 respectively), the
435  average number of adult flies emerging from each tube increased from 8.8 to 35.8, from 19.4
436 to 33.6 and from 12.2 to 42.3 for cherry, cranberry and strawberry respectively. The
437  corresponding increase observed between phases 1 and 2 were 123%, 93% and 45% and those
438  observed between phases 1 and 3 were 230%, 176% and 145% for cherry, cranberry and
439  strawberry respectively. This increase in fitness across phases had high support (AAICc > 27.6
440  for models 4 to 8 without this effect, Table 1). Support for fitness changes across the three fruit
441  media was strong, while support for differences in temporal fitness increase among fruit media
442  was low (AAICc = 3.44 for the model 2 without a fruit effect and AAICc = 5.85 for the model
443 3 with an interaction between the phase and fruit effects, Table 1), indicating that adaptation
444 rates were similar across fruit media. During phase 3, support for fitness changes among
445  populations with each fruit medium was not very strong (AAICc = 1.69 for the model 3
446  including a population effect, Table S4), suggesting that variation in adaptation rate among

447  populations evolving on the same fruit medium tended to be low.

448  Changes in fecundity, egg-to-adult viability and fitness in selective and alternative media
449  Average fecundity increased on the selective environments between the initial and intermediate
450  phenotyping (Table S5, Fig. S3A top panel). In contrast, in egg-to-adult viability were
451 unchanged or decreased modestly between the initial and intermediate phenotyping step,
452  Table S6, Fig. S3B top panel). Changes in fecundity and in egg-to-adult viability were
453  negatively correlated (Fig. S6A). Fitness tended to increase between the first and intermediate

454 genotyping step, with a significant increase for populations that evolved on strawberry and
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455  were measured on cherry (large confidence intervals are likely due to a lack of statistical power,
456  Table 2, Fig. 4).

457 Between the initial and final phenotyping steps, no consistent pattern was apparent in
458  average fecundity on the three selective fruits (Table S5, Fig. S3A bottom panel). Egg-to-adult
459  viability increased for populations measured on cherry medium, but did not change consistently
460  or significantly on other media (Table S6, Fig. S4A bottom panel). Changes in fecundity and
461  in egg-to-adult viability were negatively correlated as for the first time-step comparison (Fig.

462  S6B bottom panel). Fitness tended to increase, but not significantly so (Table 2, Fig. 4).

463  Correlation between fitness changes in selective and alternative environments

464  During the intermediate phenotyping step, the increase in fitness in each selective fruit medium
465  was associated with an increase in fitness in the two other fruit media (Fig. 5A-C). This pattern
466  was also seen for some fruit combinations during the final phenotyping step: increases in fitness
467 in selective fruit media were associated with increases in fitness in other fruit media for the
468  pairs strawberry/cranberry and strawberry/cherry (Fig. 5E-F). The confidence intervals of the
469  difference in correlation coefficients between the intermediate and final phenotyping steps
470  overlapped with zero, indicating that the correlation coefficients did not differ significantly. In
471  contrast, increased fitness on cherry or cranberry selective medium were associated with
472  decreased fitness in the reciprocal medium (Fig. 5D). The confidence interval of the difference
473  in correlation coefficients between the intermediate and final phenotyping steps was positive
474  and did not overlap with zero, indicating that the correlation coefficient during the final
475  phenotyping step was lower than that during the intermediate phenotyping step (Fig. 5D).
476  These results remained unchanged when considering only populations that evolved on
477  cranberry (estimate of correlation difference=1.21 [0.32, 1.86]), but not when considering only
478  populations that evolved on cherry medium (estimate of correlation difference=0.55 [-0.71,
479  1.67]), probably due to a lack of power (see Discussion). The negative correlation in fitness
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480  change between cherry and cranberry media was primarily driven by changes in egg-to-adult
481  viability in populations that evolved in cranberry medium, and not by changes in their fecundity
482 (Fig. S4-S5).

483 Finally, we did not detect a significant pattern of local adaptation during either the
484  intermediate or the final phenotyping steps (Fi13 < 0.01, P = 0.97 and F13=2.89, P = 0.19
485  respectively), indicating that fitness changes in selective fruit media were not significantly

486  greater than fitness changes in alternative fruit media.

487 Discussion

488 In the present study, we aimed at quantifying fitness changes in selective and alternative
489  environments of D. suzukii experimental populations evolving on each of eight different
490  selective fruit media. Due to the almost complete extinction of populations on five fruit media,
491  we could only estimate fitness changes for populations evolving on cherry, cranberry or
492  strawberry media. After five generations, fecundity had consistently increased in both selective
493 and alternative media, resulting in positive fitness changes across the three fruit media. After
494 26 generations, both fecundity and egg-to-adult viability had changed compared to the ancestral
495  population. Adaptation to each selective medium was associated with an increase in fitness in
496 alternative media, except for populations that evolved on cranberry when measured on cherry
497  (we had low power to detect the same effect in populations that evolved on cherry medium
498  when measured on cranberry medium). Indeed, egg-to-adult viability on cherry and cranberry
499  media were negatively correlated for populations that evolved on cranberry. These results
500 suggest that cranberry and cherry media might exert very different selective pressures on egg-

501  to-adult viability.
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502 Relative importance of selection, genetic drift and pleiotropy in shaping fitness changes
503 in selective and alternative environments

504  During the first five generations of evolution in phase 1, we found weak evidence for the
505 adaptation of populations evolving on each of the eight fruit media, which could suggest the
506  absence of genetic variation in adaptive alleles or the absence of selection (i.e., that adaptive
507 alleles did not increase in frequency in these populations). This interpretation might be overly
508 simplistic for two reasons. First, Olazcuaga (2019) recently found that local adaptation to
509  different fruit occurs over less than four generations in natural populations, which suggests that
510 genetic variation in adaptive alleles present in natural populations likely persisted in our lab
511  population. Second, we observed that the fitness of experimental populations evolving on
512  cherry, cranberry and strawberry media increased significantly following the pooling step and
513 in the subsequent generations (Fig. 3), which indicates that natural selection is present in our
514  experiment.

515 Furthermore, two different processes could account for the increase in fitness after the
516  pooling step. First, the increased fitness might be due to heterosis following the masking of
517  mildly deleterious alleles that independently increase in frequency in replicate populations
518  during phase 1 (low population sizes likely increased genetic drift during phase 1 so that mildly
519  deleterious mutations became selectively neutral). Second, the increase in fitness might be due
520 to the combination of different adaptive alleles that independently increase in frequency in
521  replicate populations evolving on the same fruit medium during phase 1 (Barghi et al. 2019).
522  Note, that the occurrence of only one of the two processes during phase 1 would likely have
523  resulted in a fitness change (a decrease in fitness with increase in frequency of deleterious
524  alleles or an increase in fitness with an increase in adaptive alleles). As we did not detect such
525 achange, both processes likely occurred concurrently during phase 1; the negative fitness effect

526  associated with the increase in frequency of mildly deleterious alleles across the genome might
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527  have been counterbalanced by the positive fitness effects associated with the increase in
528  frequency of a few large-effect mutations, as observed in Stewart et al. (2017) and Koch and
529  Guillaume (2020). Finally, we did not detect a pattern of local adaptation during the
530 intermediate phenotyping step, which suggests that beneficial mutations that increased in
531  frequency might not have been fruit-specific. However, this result might also be due to our low
532  statistical power, so that this interpretation remains speculative. Genomic data could help in
533  estimating the extent of genetic drift.

534 During phase 3, the fitness changes of populations evolving on the same fruit medium
535 tended to be in the same direction, while their fitness changes in each of the two other fruit
536  media also tended to be in the same direction. Fitness changing in a consistent way across
537 replicate populations is likely the result of natural selection, as genetic drift would result in the
538 evolution of fitness increasing or decreasing at random across replicate populations.
539  Furthermore, the convergent evolution of fitness changes in alternative fruit media suggests
540 that the same trait(s) might have been selected independently in replicate populations adapting
541  to the same fruit medium. An alternative explanation would be that this pattern arose through
542  the independent evolution of different phenotypic traits in replicate populations (due to
543  selection or to genetic drift). This would require these different traits to have the exact same
544  pleiotropic fitness effects across fruit media. The precise relationship between a given
545  phenotypic trait and fitness is often environment-specific, so that this alternative hypothesis
546  appears quite unlikely. Genomic data would be necessary to thoroughly assess and quantify
547  convergence among replicate populations at the molecular level (e.g., following Barghi et al.
548  2019).

549 Finally, the demographic trajectories we observed after the temporary pooling suggest
550  the occurrence of evolutionary or genetic rescue (Gomulkiewicz and Holt 1995; Whiteley et

551 al. 2015; Hedrick and Garcia-Dorado 2016). However, although the data do fit that
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552 interpretation well, our experiment was not set up explicitly to study this phenomenon, and we

553 lack the appropriate experimental controls to confirm or infirm this interpretation.

554  Fitness in selective and alternative environments shed light on the hypothetical fitness
555 landscape

556  The main focus of our study was to use distinct environments to test for a reversal over time in
557 the direction of the association between fitness changes in selective and alternative
558  environments. Such a reversal was observed for populations that evolved on cranberry when
559  measured on cherry, confirming our predictions based on fitness landscapes theory and Fisher’s
560 geometric model (Martin & Lenormand 2015).

561 More generally, our results can be used in an interpretation of the theoretical fitness
562 landscape represented by different environments. The increase in fitness in both selective and
563 alternative environments observed during the intermediate phenotyping step clearly indicates
564 that the ancestral population was initially maladapted to each of the three selective fruit media
565 inasimilar way (Figs. 1 & 6). Alleles favored early in the experiment likely increased fitness
566  across the three selective media, as adaptation occurred mostly through an increase in fecundity
567  that was of similar magnitude across replicate populations and across fruit media (Fig. S3A).
568  Given that the initial rate of adaptation was similar across the three fruit media, the distance
569  between the ancestral population and the phenotypic optimum of each of the three fruit media
570 was likely similar (this interpretation parsimoniously assumes that the levels of adaptive
571  genetic variation to each of the three fruit media were similar in the ancestral population and
572  that the intensity of selection was also similar across fruit media). Adaptation occurred through
573  changes in both fecundity and egg-to-adult viability that depended on the population or on the
574  selective fruit (Fig. S3). Eventually, populations that evolved on cranberry, exhibited reduced
575  fitness in one of the alternate environments (cherry), which suggests that the phenotypic optima

576  of these two fruit media lie the furthest away from each other in the fitness landscape (Fig. 6).
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577  This pattern was primarily driven by changes in egg-to-adult viability in populations that
578  evolved in cranberry. We had low power to detect similar changes in populations that evolved
579 in the cherry medium. This example (Fig. 6) illustrates how examining direct and correlated
580  responses to selection over time can help visualize the fitness landscapes organisms experience

581 in different environments.

582  Limits of our experimental approach

583  The fitness optima of the five fruit media where populations went extinct were likely further
584 away than the fitness optima of the three fruit media where populations survived.
585  Consequently, we could not assess fitness changes across fruit environments that exert the most
586  divergent selective pressures (i.e., cherry, cranberry, and strawberry vs. the five other fruits).
587  Hence, population extinctions have limited our power to detect a reversal in fitness correlations
588 among fruit media. Despite the likely closer proximity of the fitness optima of the three
589  remaining fruit media (cherry, cranberry, and strawberry), we nevertheless detected a reversal
590 in the fitness correlation between cherry and cranberry media.

591 Fitness changes could be caused by temporal variation in environmental conditions in
592 the laboratory (e.g., change of quality of frozen fruit purees). However, temporal environmental
593 variation would be unlikely to result in adaptation to selective media and thus unlikely to
594  explain our findings.

595 While the temporary pooling of replicate populations most likely facilitated further
596  adaptation by reducing inbreeding depression, it might have limited our power of inference
597  regarding the variation in fitness changes among replicate populations. Indeed, changes in
598 fitness of replicate populations in each selective medium or in the two alternative media tended
599 to be in the same direction during phase 3. This pattern might be due to the co-ancestry of
600 replicate populations. In other words, the observed fitness changes might have evolved in a

601  single replicate population during phase 1 or phase 2, rather than several times independently
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602 in each replicate population during the 16 later generations. We consider this hypothesis to be
603 unlikely for four reasons. First, the fitness of replicate populations evolving on each fruit
604  increased significantly between the intermediate and final phenotyping steps, when populations
605 evolved independently. This demonstrates that the observed fitness changes are partly
606 independent of each other. Second, at the end of phase 3, fitness changes in selective or
607 alternative environments varied among replicate populations evolving on the same fruit
608  medium, which supports the view that fitness changes are partially independent. Third, the
609  simulations of unequal contributions of replicate populations to the pool during phase 2 show
610 that the pattern of reversal in the association between fitness changes in selective and
611 alternative environments (Fig. 5D) cannot be explained by the pooling step (see Appendix S4,
612  Fig. S10 and S11). Fourth, the effect of pooling on reducing inbreeding depression is probably
613  stronger than its effect on increasing the frequency of adaptive mutations. Indeed, we expect
614  the five generations of pooling would mask the effect of the numerous deleterious alleles
615 located all over the genome but would not favor the spread of beneficial alleles confined to

616  particular loci within the genome.

617 Recommendations for using fitness landscapes to interpret selection experiments

618 We can make several recommendations for future studies that aim to track and predict the
619 evolutionary trajectories of experimental populations evolving in contrasted environments.
620  First, measuring fitness rather than fitness proxies allows for a standard comparison among
621  populations reared on different (i.e., selective and alternative) environments. For example,
622  fitness can be used to compare populations evolving with different maintenance schemes (for
623  example, egg-to-adult viability over two weeks versus two months). Second, when using
624  experimental evolution to study fitness changes in selective and alternative environments, the
625 likely position of the ancestral population in the fitness landscape relative to the phenotypic

626  optima of selective environments should be considered with care. For example, many studies
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627  of ecological specialization using experimental evolution find positive instead of negative
628  fitness correlated responses in alternative environments (Futuyma 2008). As explained in the
629 introduction, these results can be explained by two alternative and mutually exclusive
630 hypotheses (Fig. 1). On the one hand, if the environments have the same fitness optima,
631 additional generations of experimental evolution would still result in positive correlation in
632  fitness across environments (Fig. 1A). On the other hand, if the environments have different
633  fitness optima, the level of maladaptation of the ancestral population matters. When starting
634 from an ancestral population similarly maladapted to the two environments, additional
635 generations of experimental evolution would result in negative fitness correlation across
636  environments (Fig. 1B), as illustrated in our study. Following other studies (e.g., Fragata et al.
637 2019), we emphasize that fitness landscape theory represents a powerful framework for
638  studying the process of local adaptation using experimental evolution. Third, how long it takes
639  for experimental evolution to show a reversal in the direction of fitness changes across
640 environments depends on the level of adaptive genetic variation in the ancestral population.
641  Negative correlations in fitness can evolve over short time scales when initial levels of standing
642 adaptive genetic variation are high, as exemplified in our study. In contrast, negative
643  correlations in fitness likely evolve more slowly in studies based on de novo mutation, as

644 illustrated by Bono et al 2017.

645  Conclusion and perspectives

646  We found temporal adaptation in D. suzukii experimental populations evolving in three
647  different selective environments. Adaptation to each fruit was associated with an increase in
648  fitness in the two other fruits with the exception of populations that evolved either on cherry or
649  on cranberry medium. Our results show that the temporal study of fitness changes in selective
650 and alternative environments across multiple generations allows a better characterization of the

651 dynamics of local adaptation compared to typical cross-sectional studies performed over a
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single generation. This framework could improve our understanding of the ecological factors

that drive the evolution of local adaptation.

Data availability statement

Data code for our analyses are available at Dryad https://doi.org/10.5061/dryad.crjdfn33t
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838 Tlables
839

840 Table 1: Results of the AICc model selection for comparing temporal dynamics of
841 adaptation across the three selective fruits. All models included generation:selective_fruit
842  asarandom effect.

Model Effects df logLik AICc AAICc
Q) Phase + Selective_fruit 7 -122.68 259.80 0.00
(2 Phase 5-126.51 263.30 3.44
(3) Phase x Selective_fruit 11 -121.28 265.70  5.85
4 Generation + Selective_fruit 6 -137.59 287.50 27.69
(5) Generation 4 -140.17 288.50 28.67
(6) Generation x Selective_fruit 8 -136.99 290.60 30.76
(7) Null Model 3 -155.00 316.10 56.26
(8) Selective_fruit 5 -153.12 316.50 56.64
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861  Table 2: Estimate of the change in fitness between the initial and either the intermediate
862  or final phenotyping steps based on the negative binomial model (log scale).

Phenotyping step Selective fruit Test fruit ~ Estimate  95% confidence interval
Intermediate Cherry Cherry -0.02 [-0.44;0.37]
Cranberry -0.17 [-0.61;0.24]
Strawberry 015 [-0.32;0.54]
Cranberry Cherry -0.01 [-0.46;0.42]
Cranberry 0.18 [-0.26;0.52]
Strawberry 0.25 [-0.17;0.61]
Strawberry Cherry 0.46 [0.06;0.81]
Cranberry 0.27 [-0.08;0.65]
Strawberry 0.33 [-0.02;0.68]
Final Cherry Cherry 0.26 [-0.12;0.6]
Cranberry -0.33 [-0.68;0.05]
Strawberry 0.03 [-0.37;0.38]
Cranberry Cherry 0.25 [-0.11;0.6]
Cranberry 0.18 [-0.16;0.52]
Strawberry ~ 0.38 [-0.75;-0.06]
Strawberry ~ Cherry 0.02 [-0.36;0.41]
Cranberry 0.12 [-0.24;051]
Strawberry 0.37 [-0.07;0.74]
Overall variance among replicate populations 0.14 [0.01;0.17]
863
864
865
866
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gs7 Figure legends

868  Figure 1. Changes in fitness in selective and alternative environments depend on the level
869 of adaptation of the ancestral population and on the relative positions of the phenotypic
870 optima. In a two-dimensional fitness landscape, phenotypic optima for environments 1 and 2
871  (red and blue crosses respectively) are either (A) closed to each other or (B) distant from each
872  other. In the left panels, the ancestral population, the population evolving in environments 1
873 and the population evolving in environments 2 are represented by grey, red and blue ellipses,
874  respectively. In the right panels, the fitness changes relative to the ancestral population (step 0)
875 in the selective environment or in the alternative environment are represented for step 1 and 2,
876  respectively. Open and closed ellipses respectively correspond to early (step 1) and late (step 2)
877  adaptation.

878

879  Figure 2. Experimental evolution design depicting the different fruit media and the three
880  phenotyping steps.

881 Before each phenotyping step, populations spend one generation in a common environment
882  (standard laboratory fly medium), represented by a black line. For each phenotyping step and
883  each population, we measured fitness in each of the three fruit media with an average of 9
884  (range: 2-32) and 30 vials for the intermediate and final phenotyping steps, respectively. During
885  the intermediate phenotyping step, fitness on alternative environment was not measured for
886  one replicate population evolving on cherry due to small population size.

887

888  Figure 3. Temporal dynamics of the mean fitness of populations evolved on (A) cherry,
889  (B) cranberry or (C) strawberry during the three phases of the experimental evolution.
890  Malthusian fitness (solid line) was estimated for each of the three phases of the experiment. To
891 avoid the confoundings of maternal effects, data from generations where individuals or their
892  parents developed in standard medium were removed. Error bars represent standard deviation
893 among tubes. The level of significance is provided above horizontal bars (**: P-value < 0.01;
894  ***: P-value < 0.001).

895

896  Figure 4. Change in fitness (A) between the initial and intermediate phenotyping steps
897 and (B) between the initial and final phenotyping steps for each population x environment
898 combination. Replicate populations are ordered following their fitness change on selective
899  fruit medium (symbols with thick outline). The color indicates the selective environment, as
900 shown at the top of each group of populations. The shape of the symbol indicates the test fruit
901 asshown in the key to the right. Error bars represent 95% confidence intervals.

902

903  Figure 5. Relationship between the changes in fitness on selective and alternative fruit
904 media between the intermediate and initial phenotyping step (A, B and C) and the final
905 and initial phenotyping step (D, E and F). Solid lines represent fitted major axis slopes. Error
906  bars represent 95% confidence intervals. Correlation coefficients are represented by p symbols.
907 Values in brackets show 95% confidence intervals. Difference in correlation coefficients
908  between the intermediate and final phenotyping steps for cherry vs. cranberry: 1.05 [0.37,
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1.69], cranberry vs. strawberry: -0.06 [-0.65, 0.58] and strawberry vs. cherry: -0.06 [-0.60,
0.60].

Figure 6. Hypothetical fitness landscape to help in the interpretation of our results.

For each environment, the position of the phenotypic optimum providing maximal fitness is
represented by a cross. The positions of populations and genotypes within populations are
respectively represented by ellipses and closed circles. We hypothesized that adaptation during
phase 1 was masked by the increase in frequency of mildly deleterious mutations due to genetic
drift (see Discussion), populations during the intermediate phenotyping step are represented
closer to the fruit media optima than the ancestral population, although no significant fitness
change was detected.
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