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ABSTRACT 24 

Community dynamics are often studied in subsets of pairwise interactions. Scaling pairwise 25 

interactions back to the community level is however problematic because one given interaction 26 
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might not reflect ecological and evolutionary outcomes of other functionally similar species 27 

interactions, or capture the emergent eco-evolutionary dynamics arising only in more complex 28 

communities. Here we studied this experimentally by exposing Pseudomonas fluorescens SBW25 29 

prey bacterium to four different protist predators (Tetrahymena pyriformis, Tetrahymena vorax, 30 

Chilomonas paramecium and Acanthamoeba polyphaga) in all possible single-predator, two-31 

predator and four-predator communities for hundreds of prey generations covering both ecological 32 

and evolutionary time scales. We found that only T. pyriformis selected for prey defence in single-33 

predator communities. While, T. pyriformis selection was constrained in the presence of the 34 

intraguild predator, T. vorax, T. pyriformis selection led to evolution of specialised prey defence 35 

strategies in the presence of C. paramecium or A. polyphaga. At the ecological level, adapted prey 36 

populations were phenotypically more diverse, less stable and less productive compared to non-37 

adapted prey populations. These results suggest that predator community composition affects the 38 

relative importance of ecological and evolutionary processes and can crucially determine when 39 

rapid evolution has potential to change the ecological properties of microbial communities.  40 
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INTRODUCTION 54 

One of the major goals of ecology is to try to understand the dynamics of complex communities. 55 

Traditionally this question has been approached by decomposing food web complexity into more 56 

manageable subsets of interacting species, which are then studied in isolation from the rest of the 57 

community (Billick and Case, 1994; Vandermeer, 1969). This approach has shown that there are 58 

frequently emergent properties that arise only in the presence of multiple species (Sih et al., 1998; 59 

Strauss and Irwin, 2004) resulting in ecological and evolutionary outcomes that could not be 60 

predicted by on the basis of single- or even two-species dynamics (Berenbaum and Zangerl, 2006; 61 

Friman and Buckling, 2014; Friman and Buckling, 2013; Iwao and Rausher, 1997; Parchman and 62 

Benkman, 2008; Strauss and Irwin, 2004; Thompson, 2005). We were interested in whether part of 63 

the difficulty in predicting multi-species dynamics arises from the feedbacks between ecological 64 

and evolutionary processes that are dependent on the precise composition of the predator-prey 65 

community.  66 

 Recent results have shown that rapid evolution can significantly alter the ecological 67 

properties of predator-prey systems.  Probably the most convincing evidence comes from microbial 68 

predator-prey study systems, where rapid evolution of traits connected to prey defence and predator 69 

counter-defence has been observed to change the productivity, stability and diversity of predator-70 

prey communities (Becks et al., 2010; Friman et al., 2008; Friman et al., 2014; Hiltunen and Becks, 71 

2014; Meyer and Kassen, 2007; Yoshida et al., 2003). Even though most of this evidence comes 72 

from relatively simple two-species model communities, it has recently been shown that the presence 73 

of another predator can affect the temporal dynamics of one-prey-one-predator system (Hiltunen et 74 

al., 2013), while modelling work predicts that evolution is more likely to feedback to population 75 

dynamics when the prey defence evolves predator-specific (Ellner and Becks, 2011). How predator 76 

community complexity affects the outcomes of prey evolution has however not been yet tested 77 

experimentally. 78 

 Increasing the number of interacting species could affect predator-prey evolution via 79 

ecological and genetic constraints. First, competition for the shared prey is likely to affect the 80 
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relative abundance of each competing predator species, which will then affect the strength of 81 

selection that every predator exerts on the given prey species (Friman and Buckling, 2013). If 82 

predator competition is asymmetrical, the most dominant predator species is expected to have 83 

strongest effect on prey evolution. If competition between different predators is more symmetrical, 84 

both predators are likely to exert selection on prey but these effects are likely to be weaker 85 

compared to the effects predators would be exerting on prey in the absence of competition. Second, 86 

trait correlations between defence mechanisms against different predators could affect the 87 

evolutionary dynamics in multi-predator communities (Friman and Buckling, 2013; Iwao and 88 

Rausher, 1997; Strauss and Irwin, 2004; Strauss et al., 2005). In the case of no correlation 89 

(independent predator effects), the combined effect of multiple predators may result in divergent 90 

selection for specialist defence strategies, where different sub-populations adapt to different 91 

interacting species (Davies and Brooke, 1989; Edeline et al., 2008; Futuyma and Moreno, 1988; 92 

Nuismer and Thompson, 2006). If defence correlations are negative, selection by one predator 93 

could reduce the selection imposed by another predator due to trade-offs in morphology or 94 

physiology (Berenbaum and Zangerl, 2006; Davies and Brooke, 1989; Friman and Buckling, 2013; 95 

Nuismer and Thompson, 2006; Stinchcombe and Rausher, 2001; Thompson and Cunningham, 96 

2002). It is also possible that defence against one predator correlates positively with the defence 97 

against other predator (e.g. due to functional similarity between different enemies). In this case, 98 

selection could be ‘diffuse’ where the prey species evolves in response to the predator community 99 

as a whole (Fox, 1988; Thompson, 2005) resulting in a generalist defence phenotype, which is 100 

resistant to all predators (Berenbaum and Zangerl, 2006; Craig et al., 2007; Gomez et al., 2009; 101 

Stinchcombe and Rausher, 2001; Thompson and Cunningham, 2002).   102 

We used laboratory microbial communities to ask how predator community composition 103 

affects the prey evolution and eco-evolutionary dynamics of predator-prey communities. 104 

Specifically, Pseudomonas fluorescens SBW25, a prey bacterium was exposed to four different 105 

bacterivorous protists (Tetrahymena pyriformis, Tetrahymena vorax, Chilomonas paramecium and 106 

Acanthamoeba polyphaga) in all single-predator, two-predator and four-predator communities for 107 
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hundreds of prey generations (for ~ 4 weeks, 24 days); a sufficient timescale to observe changes 108 

both in ecological and evolutionary dynamics (Friman and Buckling, 2013; Friman et al., 2014). All 109 

selected protist species consumed bacteria and potentially imposed selection for prey defence. 110 

Furthermore, T. vorax is polymorphic having small microstome and large macrostome morphs 111 

(Gronlien et al., 2002). Macrostome morphs are able to feed on other protists (Gronlien et al., 2002) 112 

and T. vorax could thus potentially affect eco-evolutionary dynamics via intra-guild predation. 113 

We concentrated on both the population and evolutionary dynamics and investigated (i) how 114 

prey evolutionary responses depend on the predator species identity in single-predator communities, 115 

(ii) whether pairwise predator-prey interactions predict prey evolutionary responses in multi-116 

predator communities, and (iii) whether prey evolution in single vs. multi-predator communities 117 

altered the ecological properties of the study system in terms of prey diversity, stability and 118 

productivity.  119 

MATERIALS AND METHODS  120 

Study species, culture conditions and selection experiment 121 

We used SBW25 Pseudomonas fluorescens as a prey for four protist species (Tetrahymena 122 

pyriformis ciliate; CCAP #1630/1W, Tetrahymena vorax ciliate; CCAP #1630/3C, Chilomonas 123 

paramecium flagellate; CCAP #977/2A, and Acanthamoebae polyphaga amoebae; CCAP 124 

#1501/18). The strain SBW25 was originally isolated from a sugar beet leaf (Rainey and Bailey, 125 

1996) and protist cultures were ordered from the Culture Collection for Algae and Protozoa 126 

(CCAP). All selected protist species were originally isolated from aquatic environments (Elliott, 127 

1959; Patterson, 1996), were able to feed on the study bacterium, and hence, potentially exerted 128 

selection for prey defence (Friman and Buckling, 2014; Friman and Buckling, 2013).  129 

 All protists species were cultured axenically in the absence of bacteria before starting the 130 

experiment (both Tetrahymena ciliates on PPY medium: 20 g L-1 peptone and 2.5 g L-1 of yeast 131 

extract; C. paramecium on CHM medium: 1 g L-1 Sodium acetate trihydrate and 1 g L-1 “Lab-132 

Lemco” powder (Oxoid L29); and A. polyphaga on PPG medium: 15 g L-1 peptone, 18 g L-1 D-133 
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glucose in Page’s Amoeba Saline solution (CCAP)). Bacterial stocks were prepared by growing 134 

bacteria overnight on LB medium (Sigma-Aldrich; 10 g L-1 of tryptone, 5 g L-1 of yeast extract and 135 

5 g L-1 of NaCl) resulting in final densities of approximately 9  107 bacterial cells mL-1.  136 

We used 24-well cell culture plates, each containing 2 mL of 0.5% LB (described above) as 137 

microcosms during the selection experiment. The SBW25 bacterium was grown alone and in the 138 

presence of all protists in one-, two-, and four-protist species combinations at 22°C in non-shaken 139 

conditions. All treatments (twelve in total) were replicated 5 times (N = 5) resulting in total of 60 140 

experimental populations. When initiating the experiment, approximately 2  105 bacterial cells 141 

mL-1 were first added to all populations. All single-predator treatments were subsequently 142 

inoculated with ~ 400 protist cells. All two-protist treatments were inoculated with ~ 200 cells per 143 

protist species, and four-protist treatment was inoculated with ~ 100 cells per protist species. 144 

Microcosms were renewed every fourth day for a total of six times (24 days) by first mixing the 145 

contents thoroughly with pipette and then replacing 1 mL of sample with 1 mL of fresh media. 146 

Subsamples of all populations were frozen at  -80 °C in 20% glycerol at every sampled time point. 147 

Rest of the sample was used to define bacterial and protist population densities. Bacterial densities 148 

were estimated with Accuri C6 flow cytometer (Becton Dickinson; fast flow rate, 25 l of sample, a 149 

minimum forward scatter threshold of 8000 based on negative controls containing only media). 150 

Protist densities were directly counted under the microscope (Motic AE2000, inverted light 151 

microscope).  152 

 153 

Measuring bacterial defence against protists 154 

Evolutionary changes in bacterial defence against protists were measured at the end of the 24-day 155 

long selection experiment. Defence was measured at the level of colony types in order to link 156 

bacterial phenotype to certain defence strategy, and to increase measurement accuracy compared to 157 

population level measurements. To this end, we randomly isolated 8 independent bacterial colonies 158 

per replicate population (50 colonies per treatment; total of 600 colonies), inoculated selected 159 

colonies into liquid 0.5% LB medium and incubated overnight at 22°C, and finally, froze the 160 
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colonies in 20% glycerol. Even though isolating eight colonies per replicate population might not 161 

capture rare colony types, it has been shown to effectively separate defending and non-defending 162 

bacterial genotypes within-population level (Friman et al., 2014). Before the defence measurements, 163 

all colonies were thawed and grown to similar densities in 96-well plates (24 h, 22°C and in 200 L 164 

of 0.5% LB medium; Biotek, OD 600 nm; mean OD of 0.093  0.001; treatment: F11, 48 = 0.572, P 165 

= 0.842). By equilibrating the initial bacterial densities, subsequent protist growth was only affected 166 

by differences in the strength of bacterial anti-predatory defence (Friman and Buckling, 2013). 167 

Bacterial defence was estimated as the relative fitness in terms of comparing the growth of with-168 

predator-evolved and alone-evolved bacterial selection lines in the presence of ancestral stock 169 

predators. To this end, all bacterial selection lines were grown individually with every predator 170 

species they had been exposed to during the selection experiment. Briefly, all protist measurement 171 

plates were inoculated with 20 L of ancestral stock protist (approximately 100 cells mL-1) and 172 

after 48 h of co-cultivation at 22°C, bacterial defence was determined as the amount of bacterial 173 

biofilm biomass; previous studies have shown that bacteria use biofilm aggregation as a size-174 

dependent defence mechanism against protist predators (Friman et al., 2013; Friman and Laakso, 175 

2011; Matz et al., 2004). Bacterial biofilm growth was measured by adding 50 µl of 1% crystal 176 

violet solution to microplate wells and rinsed off with distilled water after 10 minutes. Crystal violet 177 

stained bacteria were dissolved in 96% ethanol and the amount of biofilm measured as OD at 600 178 

nm (O'Toole and Kolter, 1998).  179 

 180 

Measuring eco-evolutionary changes in prey communities 181 

Changes in bacterial community diversity were estimated on the basis of colony morphology. 182 

SBW25 bacterium can rapidly diversify into different colony types by growing in the air-liquid 183 

interface (wrinkly spreader colony types), liquid media (smooth colony types) or by sinking to the 184 

bottom of the culture vessels (fuzzy spreader colony type) (Rainey and Travisano, 1998). All these 185 

colony types have fitness advantage when rare and can be maintained in the population via negative 186 

frequency-dependent selection (Rainey and Travisano, 1998). In addition to spatial heterogeneity, 187 
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protist predation can drive SBW25 diversification by favouring wrinkly spreader types (Meyer and 188 

Kassen, 2007), which differ genetically from ancestral smooth colony type (Spiers, 2014). We 189 

quantified bacterial diversification in the end of the experiment (last sampling point) by counting 190 

the number of different colony types from each treatment (plates containing at least 100 individual 191 

bacterial colonies). Prey population diversities were estimated with Shannon diversity index 192 

(Friman et al., 2008). Prey population stability was determined by calculating the coefficient of 193 

variation for each replicate population by using whole time series: high coefficient denotes for 194 

higher variability (Friman et al., 2008). Prey population productivity was measured as maximum 195 

densities in the absence of predators after 48 h growth at 22°C (200 L of 0.5% LB medium). 196 

 197 

Statistical analyses 198 

A general linear mixed model (GLMM; Gaussian family) was used to analyse all data. In all 199 

models, the dependent variable was explained with experimental treatment, focal protist species, 200 

measurement environment, sampling time and their interactions. For repeated measures analyses, 201 

populations were set as subjects and time as a repeated factor. Replicates were nested under 202 

treatments and fitted as a random factor. Additional GLMMs were carried out when significant 203 

interactions were found. Log-transformed values were used for analysing protist densities due to 204 

unequal variances between the treatments. Arcsin-transformed values were used to analyse 205 

differences in colony type frequencies. Bonferroni-adjusted P-values were used for multiple 206 

pairwise comparisons.  207 

RESULTS 208 

(a) Predator effects on bacterial population dynamics  209 

Only T. pyriformis and T. vorax reduced bacterial densities in single-predator treatments (treatment: 210 

F4, 19.53 = 13.9, P < 0.001, Fig. 1a-b), while A. polyphaga or C. paramecium had no effect on 211 

bacterial densities (P = 0.365 and P = 0.183, respectively, Fig 1c-d). The T. pyriformis-driven 212 

decrease in bacterial densities was attenuated only in the presence of T. vorax in both two- and four-213 
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predator communities (treatment: F5, 23.78 = 81.2, P < 0.001; A. polyphaga or C. paramecium had no 214 

effect: P = 0.559 and P = 0.456, respectively, Fig. 1a). Similarly, the T. vorax-driven decrease in 215 

bacterial densities was attenuated in the presence of T. pyriformis but only in the two-predator 216 

communities (treatment: F5, 21.99 = 23, P < 0.001; A. polyphaga or C. paramecium had no effect: P = 217 

0.906 and P = 0.881, respectively, Fig. 1b). Finally, the presence of A. polyphaga had no effect on 218 

C. paramecium and vice versa (P = 0.158 and P = 0.600, respectively, Fig. 1c-d).  219 

Together these results show that only the two Tetrahymena species decreased bacterial 220 

densities, while this effect was constrained only by the presence of the other Tetrahymena species 221 

(summarised in Fig. 6). 222 

(b) Predator effects on protist population dynamics  223 

The dynamics of the predator communities are summarised in Fig. 2 and 6. T. pyriformis reached 224 

highest, A. polypahaga second highest, and T. vorax and C. paramecium reached lowest densities in 225 

single-predator treatments (F3, 13.86 = 21.97, P < 0.001, Fig. 2a-d). We observed several types of 226 

interaction among the protists, including negative, positive, and neutral interactions (focal protist 227 

density difference between single- and multi-protist treatments). Overall, T. pyriformis was little 228 

affected by the presence of the other species and grew well in all combinations except those in 229 

which T. vorax was present, where it was strongly depressed (F4, 18 = 197.86, P < 0.001). Similarly, 230 

T. pyriformis had a negative effect on T. vorax (F4, 16.47 = 5.9, P = 0.004). C. paramecium 231 

experienced a strong positive response to T. pyriformis (treatment  time: F20, 14.59 = 6.25, P < 232 

0.001, Fig. 2c). Finally, A. polyphaga grew well on its own or in the presence of C. paramecium, 233 

but its growth was depressed by the two ciliates (F4, 20.18 = 349.6, P < 0.007).  234 

 235 

(c) Bacterial defence evolution in single-predator and multi-predator communities 236 

In single-predator communities, bacteria evolved defence to protist predation only in the presence 237 

of T. pyriformis (F1, 8 = 15.9, P = 0.004; none of the other protists increased bacterial defence in any 238 

single-predator treatments: all P > 0.05, Fig. 3). The T. pyriformis driven increase in bacterial 239 
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defence was affected by the presence of other protists (F5, 24 = 5.65, P = 0.001, Fig. 3a): concurrent 240 

selection by T. vorax repressed defence evolution in both two- and four-predator communities (P < 241 

0.001 and P = 0.007, respectively), while bacterial defence against T. pyriformis also evolved less 242 

strongly in the presence of C. paramecium (P = 0.039; A. polyphaga had no effect: P = 0.497). 243 

Bacteria did not evolve defence against T. vorax or C. paramecium in any of the treatments 244 

(treatment for T. vorax: F5, 24 = 2.7, P = 0.09; treatment for C. paramecium: F5, 24 = 1.96, P = 0.12; 245 

Figs. 3b-c). However, bacteria evolved defence against A. polyphaga in the A. polyphaga+T. 246 

pyriformis, A. polyphaga+T. vorax and four-protist treatments (F5, 24 = 11.56, P < 0.001; P < 0.03 in 247 

all pairwise comparisons). 248 

 Together these results suggest that only T. pyriformis impose detectable selection for 249 

bacterial defence evolution in single-predator communities. In multi-protist communities, selection 250 

by T. pyriformis was attenuated in the presence of some other protists (T. vorax and C. 251 

paramecium), while in some cases bacteria evolved defence only in the presence of several protist 252 

species (e.g., A. polyphaga-ciliate treatments). 253 

 254 

(d) Eco-evolutionary dynamics in single- and multi-predator communities 255 

i) Predator-driven bacterial phenotypic diversification  256 

Only T. pyriformis predation led to bacterial phenotypic diversification within single predator 257 

treatments (Shannon index; F4, 20 = 61.36, P < 0.001, Fig. 4a). Diversification was due to increase in 258 

the frequency of wrinkly spreader (WS; F4, 16 = 35.96, P < 0.001; 36% of all colonies), and petite 259 

colony types (PT; P = 0.37; 5% of all colonies; non-significant due to variation between replicates), 260 

resulting in decrease of ancestral, smooth colony type (SM; F4, 20 = 97.26, P < 0.001; 59% of all 261 

colonies vs. 100% of all colonies in bacterium-only treatment).  262 

Bacterial diversification was further shaped by the presence of other enemies (F4, 16 = 35.96, 263 

P < 0.001, Fig. 4a). While T. vorax repressed diversification in the presence of T. pyriformis 264 

(Shannon index; F5, 24 = 66.38, P < 0.001; 100% of colonies SM type), both C. paramecium and A. 265 

polyphaga altered T. pyriformis-driven bacterial diversification by selecting for transparent colony 266 
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types (TT) that were not observed in the T. pyriformis-bacterium treatment (0% vs. 17% and 23% 267 

of all colonies, respectively). Similar to the T. pyriformis-only treatment, PT colony types (10% of 268 

all colonies) emerged also in the presence of C. paramecium, while no PT colony types were 269 

observed in the presence of A. polyphaga.  270 

Together these results suggest that T. pyriformis was the main driver of bacterial phenotypic 271 

diversification, while this process was further promoted by both C. paramecium and A. polyphaga 272 

and completely repressed by T. vorax. 273 

 274 

ii) Phenotypic diversification and evolution of different defence strategies  275 

To assess whether bacterial phenotypic diversification was connected to evolution of different 276 

defensive strategies, we measured the defence of different bacterial colony types separately against 277 

all protist they had been exposed to during the selection experiment. WS colony types isolated from 278 

the T. pyriformis monocultures were clearly more defensive compare to SM colony types  (F2, 16.48 = 279 

30.52, P < 0.001, Fig. 4b). However, SM or PT colony types originating from the T. pyriformis 280 

monoculture treatment were equally poor at defending as SM colony types originating from 281 

bacterium-only treatment (F1, 8.6 = 0.529, P > 0.05 in both cases, Fig. 4b).  282 

We next compared the defence of evolved bacteria originating from the T. pyriformis+C. 283 

paramecium treatment (Fig. 4c). We found that WS colony types evolved equal levels of defence in 284 

the T. pyriformis monoculture and the T. pyriformis+C. paramecium treatments (F2, 56.54 = 1.41, P = 285 

0.252, Fig. 4c). WS colony types originating from T. pyriformis+C. paramecium treatment were 286 

only slightly better at defending against C. paramecium compared to SM colony types. This 287 

suggests that defence against T. pyriformis was traded-off with defence against C. paramecium 288 

(colony type  predator species: F12, 42.07 = 6.87, P < 0.001, Fig. 4c). The PT colony types were 289 

equally defensive against C. paramecium as the WS types (PT vs. SM: P = 0.017; PT vs. WS: P = 290 

0.952, Fig. 4c). However, PT colony types were equally susceptible to T. pyriformis as SM colony 291 

types (PT vs. SM: P = 0.912, Fig. 4c), which suggests that PT types specialised to defend against C. 292 
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paramecium. The TT colony types that emerged in small frequency were not particularly good 293 

defenders against any predator.  294 

Finally, we assessed the defence of evolved bacteria originating from the T. pyriformis+A. 295 

polyphaga treatment (Fig. 4d). We found that WS colony types evolved equally defensive in T. 296 

pyriformis monoculture and T. pyriformis+A. polyphaga treatments (F2, 56.54 = 1.41, P = 0.252, Fig. 297 

4d). WS colony types originating from the T. pyriformis+A. polyphaga treatment were also clearly 298 

better at defending against A. polyphaga compared to ancestral SM colony types. This suggests that 299 

defence against T. pyriformis correlated positively with defence against A. polyphaga (colony type 300 

 predator species: F12, 43.5 = 4.45, P < 0.001, Fig. 4d). Moreover, TT colony types evolved higher 301 

levels of defence against A. polyphaga (TT vs. SM: P = 0.046, Fig. 4d). However, this specialist 302 

defence strategy correlated negatively with defence against T. pyriformis: TT colony types were as 303 

susceptible to T. pyriformis as ancestral SM colony types (TT vs. SM: P = 0.517).  304 

These results suggest that T. pyriformis selected for generalist defenders in two-predator 305 

communities (WS colony types) that were highly defended against both enemies they had been 306 

exposed to during the selection experiment. Furthermore, C. paramecium and A. polyphaga selected 307 

for specialist defenders in two-predator communities (PT and TT colony types, respectively) that 308 

were poor at defending against T. pyriformis but good at defending against C. paramecium and A. 309 

polyphaga, respectively. 310 

 311 

iii) Changes in stability and productivity of prey populations 312 

Prey selection lines that evolved defence against protists (T. pyriformis monoculture, T. 313 

pyriformis+A. polyphaga and T. pyriformis+C. paramecium) became temporally more variable 314 

compared to the control selection line (bacterium alone) or selection lines that did not evolve 315 

defence against any protists (F1, 50 = 14.6, P < 0.001; P < 0.001 in all pairwise comparisons) in both 316 

single and two-predator communities (F1, 50 = 0.004, P = 0.95; Fig. 5a). Non-evolved and control 317 

selection lines were equally variable (P = 0.2). Similarly, prey selection lines that evolved defence 318 

against protists became less productive compared to control selection line or selection lines that did 319 
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not evolve defence against any protists (F1, 50 = 7.7, P < 0.001; P < 0.001 in all pairwise 320 

comparisons) in both single- and two-predator communities (F1, 50 = 0, P = 0.98; Fig. 5b). Non-321 

evolved and control selection lines were equally productive (P = 0.8). At the colony type level, 322 

reduced productivity was due to poorer growth of WS, PT and TT colony types relative to 323 

ancestral-like SM colony types (F3, 28 = 4.41, P = 0.012; P < 0.05 in all pairwise comparisons; Fig. 324 

5c). Of specialist defenders, TT colony type suffered highest reduction in growth (WS vs TT: P = 325 

0.018), while PT colony types suffered intermediate reduction in growth (WS vs PT: P = 0.216 and 326 

TT vs PT: P = 0.27; Fig. 5c).   327 

DISCUSSION  328 

Here we studied experimentally the role of predator species identity and community complexity for 329 

the prey population dynamics, prey defence evolution and potential ecological feedbacks. We found 330 

that T. pyriformis was a key driver of defence evolution in both single- and two-protist 331 

communities. While other protists did not select for prey defence in single-protist treatment, 332 

concurrent selection by T. pyriformis and C. paramecium and T. pyriformis and A. polyphaga led to 333 

evolution of specialised defence strategies. Prey defence evolution was repressed in the presence of 334 

the intraguild predator, T. vorax, which was able to efficiently feed on T. pyriformis cells in both 335 

two-predator and four-predator communities. At the ecological level, adapted prey populations 336 

became phenotypically more diverse, less stable and less productive compared to non-adapted prey 337 

populations. Together these results suggest that increasing predator community richness can 338 

increase prey diversity via selection for specialist defence strategies. However, introduction of 339 

intraguild top-predator tipped the balance from evolutionary to purely ecological community 340 

dynamics. Predator-prey interactions are thus more likely to evolve in communities with weak 341 

predator-predator interactions. 342 

 T. pyriformis was the only predator species that significantly reduced prey populations, and was 343 

the only predator consistently associated with the evolution of prey defence and diversification. 344 

These results are broadly consistent with previous studies (Friman and Buckling, 2013; Friman et 345 
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al., 2014; Meyer and Kassen, 2007). C. paramecium and A. polyphaga were more weakly linked 346 

with prey bacteria and did not significantly decrease bacterial densities in single-protist cultures, 347 

which could also explain relatively weak selection for prey defence. Bacteria did not evolve 348 

detectable defence against T. vorax either in single-protist cultures, despite the clear reduction in 349 

bacterial densities. One explanation for this could be that large T. vorax (maximum cell length of 350 

~200 μm) were able to effectively consume bacterial biofilm aggregates due to their larger orifice, 351 

while the relatively smaller T. pyriformis (~60 μm in cell length) were not.  352 

 Even though C. paramecium and A. polyphaga did not select for detectable changes in prey 353 

defence in single-protist cultures, they affected the diversification of bacterial defensive strategies 354 

in T. pyriformis co-cultures. First, the frequency of wrinkly colony types (WS) increased T. 355 

pyriformis, T. pyriformis+C. paramecium and T. pyriformis+A. polyphaga treatments. This is in 356 

line with previous studies where predation by T. pyriformis and T. thermophila, a closely related 357 

species (Brunk et al., 2003), has been shown to drive bacterial diversification in defensive 358 

phenotypes (Friman and Buckling, 2014; Meyer and Kassen, 2007; Mikonranta et al., 2012). WS 359 

colony types were equally defensive against T. pyriformis regardless if they had evolved in the 360 

presence of C. paramecium or A. polyphaga. Similarly, WS colony types that emerged in two-361 

protist treatments were able to defend against C. paramecium and A. polyphaga compared to non-362 

defending SM colony types. This suggests that WS colony types exerted generalist defence strategy. 363 

Moreover, bacteria diversified into petite (PT) and transparent (TT) colony types in T. 364 

pyriformis+C. paramecium and T. pyriformis+A. polyphaga treatments. These colony types were 365 

specialised to defend against C. paramecium and A. polyphaga, but were at the same time 366 

susceptible to predation by T. pyriformis. As a result, concurrent selection by two different protists 367 

led to coexistence of generalist and specialist defenders (Berenbaum and Zangerl, 2006; Friman and 368 

Buckling, 2013; Parchman and Benkman, 2008), resulting in increased intra-bacterial diversity. 369 

Even though these specialist defenders (PT and TT) had a fitness advantage over the non-defending 370 

SM colony types at least in the presence of one predator, they always had lower or equally high 371 

fitness with a generalist defender (WS). Why were not these specialists driven into extinction? One 372 
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possibility is that, by testing each colony type in isolation, we have not accounted for interactions 373 

with the other colony types. Alternatively, slow-growing PT and TT colony types could have been 374 

organized in the bottom of mixed biofilms resulting in enhanced protection against protist predation 375 

(Kim et al., 2014), or could have hitchhiked along with SM and WS colony types in the mixed 376 

biofilms (Friman et al., 2013; Popat et al., 2012). While further experiments are needed to test these 377 

hypotheses, our results suggest that concurrent selection by two protists potentially changes the 378 

topology of bacterial fitness landscape in ways that allow bacterial adaptation against multiple 379 

enemies (Flynn et al., 2013). 380 

 We also found that protists had negative, positive and neutral effects on each other in multi-381 

protist cultures. While both T. pyriformis and T. vorax ciliates reduced bacterial densities efficiently 382 

in the absence of other predators, their independent effects were attenuated in the presence of each 383 

other. This can be explained by indirect and direct interference. First, T. pyriformis likely reduced 384 

the T. vorax effect on bacterial prey by indirectly competing for the same bacterial resource. 385 

Second, macrostome morphs of T. vorax can directly consume T. pyriformis (Banerji and Morin, 386 

2009), which could have reduced T. pyriformis densities leading to weakened selection for bacterial 387 

defence. Defence evolution against T. pyriformis was also weakened in the presence of C. 388 

paramecium. As C. paramecium did not affect T. pyriformis densities in cocultures, this result is 389 

more likely explained by the evolution of specialist defenders that were weakly defended against C. 390 

paramecium (PT and TT colony types). Unexpectedly, T. pyriformis enhanced C. paramecium 391 

growth. Even though the mechanism for this is unknown, one explanation could be that C. 392 

paramecium was able to cross feed on T. pyriformis waste metabolites – a common process often 393 

observed between different bacteria (Lawrence et al., 2012). We also found that concurrent 394 

selection by A. polyphaga and T. pyriformis, or A. polyphaga and T. vorax, led to increased 395 

bacterial defence against A. polyphaga. Together these results suggest that protist predators can 396 

exert conflicting or diffuse selection (Janzen, 1980; Strauss and Irwin, 2004) leading to specialist or 397 

generalist defensive strategies in multi-predator communities.  398 
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In addition to increased bacterial phenotypic diversity, prey defence evolution changed other 399 

ecological aspects of predator-prey communities. First, evolved prey populations were more 400 

variable in time (higher coefficient of variation) compared to non-evolved or control populations. 401 

Prey defence evolution can destabilise predator-prey dynamics for example by changing the 402 

amplitude and phase of predator-prey cycles (Abrams, 2000; Becks et al., 2010; Yoshida et al., 403 

2003). Moreover, competitive interactions between different prey phenotypes could increase 404 

population instability via frequency-dependent selection (Meyer and Kassen, 2007; Yoshida et al., 405 

2003). Unfortunately, we cannot separate these hypotheses with our data, as we quantified 406 

evolutionary changes only in the end of the experiment. We also found that evolved prey 407 

populations were equally variable in single-predator and two-predator communities even though 408 

some two-predator communities had higher phenotypic prey richness (T. pyriformis- C. 409 

paramecium). This suggests that relatively more abundant SM and WS colony types were 410 

associated with the largest effect on destabilization of evolved prey populations. We also found that 411 

evolved prey populations became less productive compared to non-evolved or control populations. 412 

At the colony-type level, reduced growth was linked with specialist and generalist defender prey 413 

phenotypes. This suggests that evolving defence was traded-off with prey competitive ability, a 414 

commonly found trade-off in microbial predator-prey systems (Friman et al., 2015; Friman and 415 

Laakso, 2011; Friman and Buckling, 2013; Meyer and Kassen, 2007; Yoshida et al., 2003). Such 416 

trade-off could also have affected prey population instability (Abrams, 2000; Ellner and Becks, 417 

2011; Yoshida et al., 2003). Together these results suggest that multiple predators can have 418 

emergent evolutionary effects on prey that cannot be predicted on the basis of pairwise interactions.  419 

To conclude, our results show that predator community composition is important in defining 420 

the relative importance of ecological and evolutionary dynamics of microbial communities. In 421 

general, increasing protist community richness increased prey diversity by allowing the evolution of 422 

specialist defence strategies. However, ecological dynamics dominated in the presence of top-423 

predator due to reduction in the densities of T. pyriformis – a key driver of bacterial adaptation. 424 

Intraguild predation could thus indirectly constrain evolution of predator-prey interactions. 425 
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 TITLES AND LEGENDS TO FIGURES 579 

 580 

Figure 1. Bacterial population densities in different experimental communities (panels a-d). 581 

Abbreviations in the panels denote for SBW25 P. fluorescens bacterium (B), T. pyriformis (TP), T. 582 

vorax (TV), C. paramecium (CP) and A. polyphaga (AP) protists. All data points show mean of five 583 

replicate populations and 1 SEM.  584 

 585 

Figure 2. Protist population densities in different experimental communities (panels a-d). 586 

Abbreviations in the panels denote for SBW25 P. fluorescens bacterium (B), T. pyriformis Ciliate 587 
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(TP), T. vorax ciliate (TV), C. paramecium Flagellate (CP) and A. polyphaga amoebae (AP) 588 

protists. All data points show mean of five replicate populations and 1 SEM.  589 

 590 

Figure 3. Bacterial defence measured against T. pyriformis (a), T. vorax (b), C. paramecium (c) 591 

and A. polyphaga (d) protists for bacteria originating from different experimental treatments 592 

after the selection experiment. Bacterial defence is calculated as the relative growth of protist-593 

evolved vs. alone-evolved bacterial populations. Abbreviations in the panels denote for T. 594 

pyriformis (TP), T. vorax (TV), C. paramecium (CP) and A. polyphaga (AP) protists and white bars 595 

denote single-predator, light grey bars two-predator, and dark grey bars four-predator communities. 596 

All data points show mean of five replicate populations and 1 SEM. 597 

 598 

Figure 4. Protist-driven bacterial phenotypic diversification (a) and the evolution of different 599 

defence strategies in phenotypically diverse experimental communities (b-d).  Abbreviations in 600 

the panels denote for SBW25 bacterium (B), T. pyriformis (TP), T. vorax (TV), C. paramecium 601 

(CP) and A. polyphaga (AP) protists, smooth colony type (SM), wrinkly spreader colony type 602 

(WS), transparent colony type (TT) and petite colony type (PT). In panel (a), left and right Y-axes 603 

show colony type frequencies and Shannon diversity index, respectively. Panels (b-d) show WS, PT 604 

and TT colony types’ defence relative to SM colony types within T. pyriformis-only (b), T. 605 

pyriformis+C. paramecium (c) and T. pyriformis+A. polyphaga (d) experimental treatments. 606 

Colony types’ defence was measured in the presence of T. pyriformis (TP), C. paramecium (CP) and 607 

A. polyphaga (AP) protists. All data points show mean of five replicate populations and 1 SEM. 608 

 609 

Figure 5. Comparison of prey population stability (a) and productivity  (b-c) after selection 610 

experiment. In panels (a) and (b), grey bars show means for evolved treatments (T. pyriformis-only, 611 

T. pyriformis+A. polyphaga and T. pyriformis+C. paramecium) and white bars show means for 612 

non-evolved treatments (all other protist communities). X-axis in panels (a) and (b) denotes for the 613 

number of protists prey selection lines evolved with during the selection experiment; white bar with 614 
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0 protists denote for control selection line (bacterium-only). Panel (c) shows productivity at the 615 

colony type level within phenotypically most diverse experimental communities. Abbreviations in 616 

all panels denote for SBW25 bacterium (B), T. pyriformis (TP), C. paramecium (CP), A. polyphaga 617 

(AP) protists, smooth bacterial colony type (SM), wrinkly spreader bacterial colony type (WS), 618 

transparent bacterial colony type (TT) and petite bacterial colony type (PT). In all panels, error 619 

estimate is 1 SEM. 620 

 621 

Figure 6. Schematic description of the eco-evolutionary dynamics observed during the 622 

selection experiment in pairwise predator-prey communities (a), two predator-one prey 623 

communities (b) and four predator-one prey communities (c). In all panels, blue and red solid 624 

lines denote for negative and positive effects on species population dynamics, respectively, black 625 

dashed lines depict for bacterial defence evolution against given protist predators and pie charts 626 

depict relative protist abundances. Pairwise predator-prey and two predator-one prey communities 627 

were characterised by both ecological and evolutionary dynamics, while four predator-one prey 628 

communities were dominated by ecological dynamics. Abbreviations in the panels denote for 629 

SBW25 bacterium (B), T. pyriformis (TP), T. vorax (TV), C. paramecium (CP) and A. polyphaga 630 

(AP) protists. 631 


