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Supporting Information Dussutour et al. 10.1073/pnas.0912198107 SI Methods Species. P. polycephalum belongs to the supergroup Amoebozoa. It is an acellular slime mold that inhabits shady, cool, moist areas, such as decaying leaves and logs. It is typically yellow in color. The main vegetative phase of P. polycephalum is the plasmodium (the active streaming form). The plasmodium is multinucleate and consists of networks of protoplasmic veins and pseudopods. It is during this stage that the organism searches for food. The plasmodium surrounds its food and secretes enzymes to digest it. In the wild, P. polycephalum eats bacteria and dead organic matter. We cultivated P. polycephalum on an agar medium in plastic containers (height × length × width: 5 × 25 × 40 cm) and fed our culture daily with rolled oats. The slime molds used in our experiments were pieces cut from a cultured plasmodium (strain HU 554 = HU 560). Synthetic Foods. For the experiments, we used synthetic diets



varying in the ratio and concentration of protein and digestible carbohydrate (1). The protein content of all the diets consisted of a mix of calcium caseinate (Myopure), whey protein (Myopure), and whole egg powder (Myopure), with glucose as the digestible carbohydrate. The quantity of whole egg powder was kept constant in each diet to keep the quantity of fat and minerals identical. Each diet contained vitamins [Vanderzant vitamin mixture (Sigma)] and minerals [Wesson Salt Mix (Sigma)]. These dietary ingredients contained ample amounts of the vitamins (e.g., biotin, thiamine) and amino acids (e.g., methionine, glycine, arginine) that are known to be essential for slime mold growth (2). A mix of different proteins has already been demonstrated to enhance growth in cultured P. polycephalum (3). The nutrients were set in a 1.6% agar solution (1.6 g of agar per 100 ml) for presentation to slime molds. No-Choice Diet Experiment. We conﬁned 350 fragments of slime mold (mean weight ± SD: 15.6 ± 4.4 mg) for 60 h to 1 of 35 diets varying in both the protein-to-carbohydrate ratio and in the total concentration of protein + carbohydrate. We tested 17 ratios (9:1, 8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8 and 1:9) with a total concentration of 80 g·L−1 and 9 ratios (9:1, 6:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:6, and 1:9) with total concentrations of 40 g·L−1 and 160 g·L−1. The diets were poured in Petri dishes (Ø, 100 mm; H, 15 mm). Uniform substrates have been demonstrated to allow for continual absorption of nutrients (4). For each diet, we tested 10 slime molds. Each slime mold was placed in the center of a Petri dish directly on the food (Fig. 1A). Choice Diet Experiment. We allowed 60 fragments of slime mold (mean weight ± SD: 14.03 ± 3.9 mg) to select between diets differing in their content of protein and digestible carbohydrate so as to establish their target protein–carbohydrate intake. The experiment consisted of six choices using 12 protein-to-carbohydrate ratios (9:1 vs. 1:3, 8:1 vs. 1:4, 6:1 vs. 1:2, 4:1 vs. 1:8, 3:1 vs. 1:9, and 2:1 vs. 1:6) with a ﬁxed total protein + carbohydrate concentration of 80 g·L−1. For each choice, we tested 10 slime molds. Each slime mold was placed in the center of the Petri dish (Ø, 100 mm; H, 15 m) 5 mm away from the two food sources (Ø, 20 mm) for 60 h (Fig. 1C). Intakes of protein and carbohydrate were estimated on the basis of the area of the two foods covered and the concentration of nutrients in the foods. For example, in the case of the 6:1 vs. 1:2 choice treatment, protein intake(6:1 vs. 1:2) = area covered of food6:1 × concentration of protein in food6:1 + area covered of food1:2 × concentration of protein in food1:2, and carbohydrate intake(6:1 vs. 1:2) = area covered of food6:1 × concentration of carbohydrate in Dussutour et al. www.pnas.org/cgi/content/short/0912198107



food6:1 + area covered of food1:2 × concentration of carbohydrate in food1:2. Multiple-Choice Experiment. We allowed 30 slime molds (mean weight ± SD: 16.03 ± 4.6 mg) to select between 11 foods differing in their content of protein and digestible carbohydrate (9:1, 6:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4, 1:6, and 1:9) with a ﬁxed concentration of total protein + carbohydrate of 80 g·L−1. The food sources (Ø, 20 mm) were placed from the most protein-biased diet to the most carbohydrate-biased diet in a clockwise manner (Fig. 1B). The diets were poured in a 1.6% agar medium (1.6 g of agar per 100 ml). Each slime mold was placed in the center of the Petri dish (Ø, 150 mm; H, 25 mm) 40 mm away from each food source and left to grow for 60 h. All experiments were carried out at 25 °C in the dark. Measures. Images of the slime molds weretaken at different times (0, 5, 19, 24, 29, 43, 48, and 60 h). The slime molds were weighed before they were placed in the Petri dish and again after they were removed at the end of the experiment after 60 h. Pictures of the slime molds were analyzed using ImageJ (NIH Image), version 1.42i. We ﬁrst converted each image to grayscale and then set the contrast to distinguish the slime mold from the background diet. We measured the area of each slime mold in all the images. For the no-choice experiment, we also measured the compactness of each slime mold. The compactness represents the degree of open spaces within the plasmodial structure (i.e., the proportion of pixels enclosed in the slime mold area that are actually part of the organism rather than the background diet). When there is no gap in the structure, the compactness is equal to 1 (Fig. S1B). Finally, we measured the distance migrated by each slime mold (i.e., the distance between its original position and the migration front) (Fig. S2B). Statistical Analyses. All statistical tests were conducted with STATISTICA (Statsoft) for Windows, version 8.0. For all experiments, normality was assessed for each variable using a Kolmogorov– Smirnov test. The probabilities given in the text are always two-tailed. For the no-choice experiments, we used Lande–Arnold regression approaches to estimate parametric nonlinear response surfaces (5, 6). These comprise linear and quadratic components for protein and carbohydrate intake and the cross-product of protein and carbohydrate. Response surfaces for growth rate (on a mass basis), expansion rate (on an area basis), survival, slime mold density, slime mold visual density, migration distance, and degree of slime mold fragmentation were ﬁtted over protein– carbohydrate intake arrays. Response surfaces are best visualized by using nonparametric techniques that do not constrain the shape of the surface (5, 6). We ﬁtted nonparametric thin-plate splines using the ﬁelds package in R, version 2.5.1 (National Center for Atmospheric Research, Boulder, CO). Because only carbohydrate concentration affected survival, we also performed a logistic regression to test the relationship between survival and carbohydrate concentration. For the binary choice experiments, growth rate (in terms of weight and area covered) and the estimated amounts and ratio of protein to carbohydrate ingested were compared using one-way ANOVA with choice treatment as an independent factor. For each binary choice treatment, we used t tests to compare the observed ratio of the two foods covered with the expected ratio if slime molds had grown to cover the two foods indiscriminately. For the multiple-choice experiments, to test whether slime molds preferred one ratio over the others or whether they showed no preference, we used a binomial test on the number of slime 1 of 8



molds covering each diet. The null hypothesis was that slime mold could cover each diet with an equal probability [i.e., 0.27 (we



computed the probability to cover one diet knowing that one slime mold could cover between one and three diets at a time)].



1. Dussutour A, Simpson SJ (2008) Description of a simple synthetic diet for studying nutritional responses in ants. Insectes Soc 55:329–333. 2. Daniel JW, Babcock KL, Sievert AH, Rusch HP (1963) Organic requirements and synthetic media for growth of the myxomycete Physarum polycephalum. J Bacteriol 86:324–331. 3. Goodman EM (1972) Axenic culture of myxamoebae of the myxomycete Physarum polycephalum. J Bacteriol 111:242–247.



4. Halvorsrud R, Wagner G (1998) Growth patterns of the slime mold Physarum on a nonuniform substrate. Phys Rev E 57:941–948. 5. Lee KP, et al. (2008) Lifespan and reproduction in Drosophila: New insights from nutritional geometry. Proc Natl Acad Sci USA 105:2498–2503. 6. Blows MW, Brooks R (2003) Measuring nonlinear selection. Am Nat 162:815–820.
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Fig. S1. Slime molds grew densest on diets comprising twice more protein than carbohydrate. Examples: 1:2 and 2:1 ratios with a total concentration of 80 g·L−1.



Fig. S2. Nutrient dilution effect on slime mold expansion. Slime molds were more expanded on extremely diluted diets, presumably to increase the surface in contact with the food, and thus to compensate for nutrient dilution. Example of plasmodium on the protein-to-carbohydrate ratio of 2:1 at three different nutrient concentrations (40, 80, and 160 g·L−1).
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Fig. S3. Slime mold visual density (proportion of pixels containing tissue rather than gaps). (A) Plasmodia grew in a more sparse manner on diets with a low density of nutrients, especially protein (example: P/C ratio = 1:9, with a total concentration of 40 g·L−1). These diets generated plasmodia with directed structures, which migrated. (B) On substrates with a higher protein concentration, the plasmodia grew more compactly, attaining a regular shape (example: P/C ratio = 3:1, with a total concentration of 80 g·L−1). Under such conditions, the plasmodium formed an approximately isotropic structure. (C) Effects of protein and carbohydrate concentration on visual density recorded for individual slime molds conﬁned to 1 of 35 diets varying in both the ratio and the total amount of protein and carbohydrate (n = 269). The slime molds that did not survive were not included. Response surfaces were visualized by using nonparametric thinplate splines, which were ﬁtted using the ﬁelds package in R.
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Fig. S4. Migration distance. Low density of nutrients generated plasmodia with directed structures, which migrated. On substrates with a higher nutrient concentration, the plasmodia were almost sedentary. (A) Example: P/C 1:4, with a total concentration of 80 g·L−1. (B) Effect of protein and carbohydrate concentration on distance migrated by slime molds recorded for individual slime molds conﬁned to 1 of 35 diets varying in both the ratio and the total amount of protein and carbohydrate (n = 269). The slime molds that did not survive were not included. Response surfaces were visualized by using nonparametric thin-plate splines, which were ﬁtted using the ﬁelds package in R. (C) Mean distance migrated ± SE as a function of the proportion of carbohydrates in the diet [C/(P + C)] measured for the nochoice experiments (diets for which most of the slime molds died and were not included).
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Fig. S5. Slime mold fragmentation. (A) Effects of protein and carbohydrate concentration on slime fragmentation recorded for individual slime molds conﬁned to 1 of 35 diets varying in both the ratio and the total amount of protein and carbohydrate (n = 269). The slime molds that did not survive were not included. Response surfaces were visualized by using nonparametric thin-plate splines, which were ﬁtted using the ﬁelds package in R. (B) Examples of plasmodium fragmentation on protein-biased diets (P/C 8:1, with a total concentration of 80 g·L−1).
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6:1 vs 1:2
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8:1 vs 1:4
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9:1 vs 1:3
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3:1 vs 1:9
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2:1 vs 1:6



250



250



200



200



y = 1.46x



y = 1.35x 150



150



y = 0.56x 100



100



50



50



y = 0.65x



0



0 0



50



100



150



200



250



300



0



50



100



150



200



250



300



P intake Fig. S6. Estimates of protein (P) and carbohydrate (C) “intake” based on areas of two complementary food resources covered by plasmodia. Crosses represent the estimated amount of protein and carbohydrate ingested for each slime mold (n = 10 for each choice treatment). Filled squares show the mean values. The “random” outcomes indicate the expected intake trajectories if plasmodia had grown to cover the two foods in a food-pairing treatment indiscriminately (dotted black lines). The solid black lines represent the observed intake trajectory. The solid gray lines correspond to the two foods in a food-pairing treatment. Note how slime molds converged on the same point of nutrient collection in all treatments. Statistics: one-way ANOVA, choice effect on protein, carbohydrate, and P/C ratio: F5,54 = 1.79, P = 0.138; F5,54 = 2.76, P = 0.027; and F5,54 = 3.56, P = 0.007, respectively. Bonferroni tests: choice effect on carbohydrate: 2:1 vs. 1:6 different from 6:1 vs. 1:2, P = 0.020; choice effect on P/C ratio: 2:1 vs. 1:6 different from 6:1 vs. 1:2, 8:1 vs. 1:4, and 9:1 vs. 1:3; P = 0.021, P = 0.032, and P = 0.047, respectively.
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Fig. S7. Observed proportional area covered after 24 h by slime molds offered two nutritionally complementary food patches (mean ± SD). C, carbohydrate; P, protein.
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Table S1. Multivariate response surface regression analyses testing the relationship between the concentration in nutrients (protein and carbohydrate) and the growth rate (on mass basis) and between the expansion rate (on areal basis) and slime mold survival Multivariate tests of signiﬁcance and effect sizes Multivariate results



Wilks’ Lambda



F3,342



P



Partial η2



0.66 0.77 0.55 0.88 0.84



57.70 33.36 94.38 15.01 21.16
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