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Although theory established the necessary conditions for diversification in temporally heterogeneous environments, empirical evidence remains controversial. One possible explanation is the difficulty of designing experiments including the relevant range of temporal grains and the appropriate environmental trade-offs. Here, we experimentally explore the impact of the grain on the diversification of the bacterium Pseudomonas fluorescens SBW25 in a temporally fluctuating environment by including 20 different pairs of environments and four temporal grains. In general, higher levels of diversity were observed at intermediate temporal grains. This resulted in part from the enhanced capacity of disruptive selection to generate negative genotypic correlations in performance at intermediate grains. However, the evolution of reciprocal specialization was an uncommon outcome. Although the temporal heterogeneity is in theory less powerful than the spatial heterogeneity to generate and maintain the diversity, our results show that diversification under temporal heterogeneity is possible provided appropriate environmental grains.



Introduction Environmental heterogeneity is a major determinant of species richness within communities (Hutchinson, 1961; MacArthur & Levins, 1964; Levins, 1968; Chesson, 2000) and of genetic polymorphism within species (Levene, 1953; Dempster, 1955; Hedrick, 1986). In contrasted environments, biological diversity can be generated and maintained by divergent selection, resulting in ecological specialization and the concomitant emergence of genoCorrespondence: Patrick A. Venail, Universidad de los Andes, Centro de Investigaciones Microbiolo´gicas CIMIC, Carrera 1 No 18A-10, Bogota´, Colombia. Tel.: +57(1) 3394949 ext. 3754; fax: +57(1) 3324368; e-mails: [email protected], [email protected] Nicolas Mouquet, Universite´ Montpellier 2, Institut des Sciences de l’Evolution, UMR CNRS-UM2-IRD 5554, CC 065, Place Euge`ne Bataillon, 34095 Montpellier Cedex 05, France. Tel.: +33(4) 67 14 93 57; fax: +33(4)4 67 04 20 32; e-mail: [email protected] 1 Present address: Laboratoire d’Ecologie Microbienne (UMR 5557, USC 1193), Universite´ Lyon I, INRA, CNRS, baˆt. G. Mendel, 43 boulevard du 11 novembre 1918, 69622 Villeurbanne, France.



type-by-environment fitness interactions (Felsenstein, 1976; Bell, 1990). Levins (1968) showed that a stable diversification in heterogeneous environments requires strong evolutionary constraints (trade-offs) on the traits involved in adaptation, such that specialist types perform well in some but poorly in other environments and that generalist types have a lower overall mean performance than the specialists. Diversification also depends on the environmental grain, that is, on the spatial or ⁄ and temporal scales of environmental heterogeneity relative to the ‘home range’ of an individual (Levins, 1968; Kassen, 2002). A fine grain means that an individual encounters more than one environmental condition during its lifetime. This is expected to select for an all-purpose generalist. A coarse grain means that the environment remains constant for the entire individual’s lifetime or for several consecutive generations. Under such conditions, a single specialist is likely to evolve. Both strong tradeoffs and coarse-grained environments are often necessary conditions for diversification via the evolution of specialization (Levins, 1968; Ravigne´ et al., 2009).
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In temporally heterogeneous environments, the conditions for protected polymorphism are more restricted than in spatially heterogeneous environments (Dempster, 1955; Haldane & Jayakar, 1963; Gillespie, 1972; Felsenstein, 1976; Chesson & Warner, 1981; Hedrick, 1986; Dean, 2005). Although a spatially heterogeneous environment provides refuges for different specialized types, temporal fluctuations regularly expose all types to different environments, thereby facilitating the fixation of a single type with the highest mean performance across all environmental conditions (Haldane & Jayakar, 1963; Levins, 1968; Nagylaki, 1975; Wilson & Yoshimura, 1994; Bu¨rger & Gimelfarb, 2002). As with spatial heterogeneity, evolutionary outcomes may strongly depend on the grain of the fluctuations (Levins, 1968; Bu¨rger & Gimelfarb, 2002). In very frequently changing environments (fine temporal grain), a generalist or single most productive specialists may be favoured (Kassen, 2002) and consequently diversity will be low. Conversely, if the environment remains constant over many generations (coarse temporal grain), the sequential evolution and fixation of specialists adapted to the contemporary environmental conditions are expected. At intermediate fluctuations (grain) however, there may not be sufficient time for specialists to become fixed in the population, thereby allowing periods of coexistence of different specialists (Nagylaki, 1975). As a general pattern, we would therefore expect maximal diversity at intermediate temporal grains. This is consistent with a theoretical model by Bu¨rger & Gimelfarb (2002), predicting highest levels of genetic variance at intermediate periods of fluctuation. Experimental manipulation of the temporal grain has produced equivocal results regarding the evolution and maintenance of biological diversity (reviewed in Kassen, 2002). Temporal fluctuations in nutrient or resource supply have been shown to facilitate coexistence in bacterial or phytoplankton model systems when compared to single constant environments (Flo¨der et al., 2002; Kassen, 2002; Suiter et al., 2003; Decamps-Julien & Gonzalez, 2005; Jiang & Morin, 2007). For example, in an environment cycling between high and low nutrient supplies, intermediate cycle length allowed the coexistence of different strains of the bacterium Escherichia coli, whereas finer or coarser grains both led to the predominance of a single strain (Suiter et al., 2003). Similarly, Flo¨der et al. (2002) showed that phytoplankton diversity peaked at intermediate rates of fluctuation between high and low light intensities. Some other studies have however found no obvious impact of temporal grain on the amount of diversity (Riddle et al., 1986; Grover, 1988; Litchman, 1998; Scheiner & Yampolsky, 1998) or on the evolution of specialist ⁄ generalist strategies (Reboud & Bell, 1997; Kassen & Bell, 1998; Buckling et al., 2007). Clearly, the results of such experiments critically depend on the inclusion of a sufficiently wide range of



temporal grains and on the presence of contrasting environments that can produce strong trade-offs. However, obtaining a priori information on these prerequisites may be difficult or time-consuming. As an alternative, rather than focusing in detail on a well-defined single set of fluctuating environments (i.e. one trade-off), one may use a ‘shotgun’ approach, replicating a large number of sets of environments over a wide range of temporal grains. This approach may only have a limited resolution for individual combinations of environments, but potentially bundles weak individual signals to reveal general properties of diversification as an average effect across many temporally variable environments. Here, we used such a ‘shotgun’ approach to study the impact of temporal heterogeneity on the evolution of genotypic diversity in experimental populations of the bacterium Pseudomonas fluorescens SBW25, adapting to pairwise combinations of 40 different carbon substrates (environments) and four different temporal grains. Populations were propagated either continuously on each single environment or were alternated between the two environments at different temporal grains: from 1-day (finest grain) to 8-day intervals (coarsest grain). The experiment was replicated over 20 independent pairs of environments from different chemical families, increasing the chances of including different trade-offs. After !200 generations of evolution (i.e. 32 days), we assayed within-population genotypic diversity in performance on the two environments and estimated the strength of genotype-by-environment interactions (i.e. inconsistency, Bell, 1990; Venail et al., 2008).



Material and methods Study organism Pseudomonas fluorescens SBW25 has become a bacterial model system for the study of adaptation and diversification in heterogeneous environments (Buckling et al., 2009), in particular because P. fluorescens rapidly specializes when propagated in different environments (MacLean et al., 2004; Barrett et al., 2005; Venail et al., 2008). The present experiment was initiated from a single clone already adapted to laboratory conditions by selection for !900 generations in a complex environment containing eight carbon sources (Barrett et al., 2005). Selection environments In a serial transfer experiment (i.e. batch culture), we allowed replicate bacterial populations to diversify for 32 days (!200 generations) in 20 independent pairs of environments. These pairs consisted of two arbitrarily chosen carbon substrates of Biolog GN2! 96-well microplates (Biolog, Hayward, CA, USA). The list of substrates and their arrangement on the Biolog plate are provided as Data S1.
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Diversification under temporal fluctuations



Temporal grain The experiment was designed such that all replicate populations spent a total of 16 days (!100 generations) in a given environment. For each pair of environments, we used four frequencies of cyclical temporal fluctuations, with the two environments alternating in 1-, 2-, 4and 8-day intervals, over the total of 32 days. Thus, the coarseness of the temporal grain ranged from relatively fine (1 day or !every 6.5 generations) to very coarse (8 days or ! every 52 generations). However, because the capacity of bacteria to exploit carbon substrates is very variable, the real number of generations spent on each environment may vary among substrates. We established a control treatment for each pair of environments where replicate populations were independently cultured on each single environment for 16 days (!100 generations). This is equivalent to a spatially heterogeneous environment (hereafter spatial treatment), with two spatially separated subpopulations evolving independently in a temporally constant environment. We expected a maximum of diversification between subdivided populations in this treatment. We established three replicate populations for each combination of pair of environments and treatment (20 pairs · 5 treatments · 3 replicate populations = 300 populations in total), spread out over 13 Biolog plates. Selection protocol Aliquots from a frozen stock ()80 "C) of the initial clone were inoculated into 13 sterile glass vials with 6 mL of M9KB solution (NH4Cl 0.1 g L)1; Na2HPO4 0.6 g L)1; KH2PO4 0.3 g L)1; NaCl 0.05 g L)1; glycerol 1 g L)1, proteose peptone #2 2 g L)1). After 24 h of growth under constant orbital shaking (2.5 g) at 28 "C, 1 mL of culture from each vial was centrifuged (3 min at 6900g), the supernatant was removed and replaced with 1 mL of M9 minimal salts medium (NH4Cl 1 g L)1; Na2HPO4 6 g L)1; KH2PO4 3 g L)1; NaCl 0.5 g L)1). Then, 125 lL of this washed solution was diluted into 25 mL of M9 medium and starved for 2 h at 28 "C. For the first inoculation of the 13 Biolog plates, we added 140 lL of starved cells to each well. For this and all subsequent transfers, plates were incubated for 24 h in the dark at 28 "C without shaking. To renew the available nutrients and to alternate between environments, small samples of the bacterial populations were transferred to new Biolog plates in daily intervals. At each transfer, we homogenized the content in each well by gently taking up and releasing 100 lL of volume with a pipette (20 times); then, a pin replicator (Boekel 96 pin ⁄ well model #140500) was used to transfer "2 lL of culture to the respective substrate on a new Biolog plate (each well on the new plate was previously filled with 140 lL of M9 medium). This batch culture technique ensured nearly constant bacterial growth. After 32 transfers (16 in the
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spatial treatment), 80-lL samples from each replicate population were mixed with 80 lL of a 50 : 50 glycerol ⁄ M9 medium and stored at )80 "C. Performance assay To obtain individual genotypes for the pure-culture performance assays, we streaked out samples from each evolved bacterial population on KB-agar Petri dishes. Eight randomly picked colonies (‘genotypes’) per population were individually grown on KB, and 400 lL of overnight cultures was frozen in 50% glycerol at )80 "C. Prior to the assay, genotypes were amplified for 24 h on 96-well plates in 140 lL of M9KB medium at 28 "C, under constant orbital shaking (200 r.p.m). Then, the plates were centrifuged (5 min at 3050g) and wells washed by removing the supernatant and adding 140 lL of M9 medium. After 2 h of starvation, we used the pin replicator to inoculate the Biolog plates for assays. Genotypes from fluctuating treatments were tested on the two carbon substrates (say, substrates A and B) on which they had evolved; the genotypes from the corresponding spatial treatment (separate evolution on either A or B) were also tested on these two substrates. Each genotype was tested once on each substrate (20 pairs of environments · 5 temporal treatments · 3 replicate populations · 8 genotypes = 2400 tests). The assays were carried out on 4 days, with two of the eight genotypes of a given replicate population tested on each day. After 24 h in the dark at 28 "C, we scored the optical density (absorbance) at 590 nm; this test was performed with a BMG LABTECH multidetection microplate reader FluoStar OPTIMA. Light absorbance measures the capacity of the genotype to exploit the carbon source and is used as a proxy for bacterial performance (MacLean & Bell, 2003). Given the size of the experiment, competition fitness assays were impossible to conduct. To assess the potentially confounding effects due to uncontrolled variation among the four assay dates, we included five replicates of the ancestral clone on each day. Estimates of genotypic diversity We used phenotypic diversity as proxy for genotypic diversity. To properly assess the genotypic diversity would have required that each genotype be tested at least twice (Bell, 1990). Our calculation of withinpopulation genotypic diversity was based on the performance of the eight randomly sampled genotypes of a given replicate population on two environments (e.g. substrates A and B from each carbon substrate pair, Fig. 1). Our estimators of genotypic diversity were inconsistency and the mean genotypic variance (GV) in performance. Inconsistency indicates variation among genotypes in their ranking of performance on each environment, suggesting their specialization to different
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Fig. 1 Flow chart of the experimental design used for calculations of genotypic diversity: inconsistency and GV. After 32 transfers, for all the temporally fluctuating treatments (a) (1, 2, 4 and 8) we randomly sampled eight genotypes from each selection line and assayed them on the two sources of the environmental pair (a and b) to calculate the inconsistency (eqn 1) and genotypic variance (eqn 2). (b) For the spatial treatment, we measured the inconsistency and genotypic variance by randomly picking four genotypes from each evolved line after 16 days in constant environments and pooling the eight genotypes. This treatment represented a spatially divided population and was used as a theoretical upper boundary for diversification.



conditions (Hall & Colegrave, 2006) and was calculated as: inconsistency ¼ rGA rGB ð1 % qGAGB Þ



ð1Þ



rGA and rGB are the standard deviations in performance (i.e. measured light absorbance) among the eight genotypes in environments A and B, and qGAGB is the acrossgenotype correlation of performance between the two environments. Inconsistency is zero if the performance rank order of genotypes is perfectly positively correlated among environments (i.e. parallel reaction norms, qGAGB = +1). Highly positive genotypic correlations indicate the potential for selection of generalist genotypes with high performance in both environments. Inconsistency increases as the genotypic correlation coefficient becomes 
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