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Background. Interactions between eukaryotic amoebae and bacteria are understudied and important.

Bacteria inside of amoebae are protected from external forces including antibiotics. An excellent model

for bacteria-amoeba interactions is the social amoeba Dictyostelium discoideum and its associated

bacteria. A third of wild-collected clones of the soil-dwelling amoeba Dictyostelium discoideum exhibit a

suite of characteristics that make them simple farmers of bacteria. They carry bacteria internally through

the social spore-making stage. They then release these bacteria to grow and subsequently eat them,

prudently stopping before they are entirely consumed so some bacteria can be carried to the next

generation. D. discoideum defend their food bacteria with other inedible bacteria that produce

compounds toxic to non-farmers. Both carried bacteria and social amoeba hosts have demonstrated co-

evolved characteristics. Most farmer clones discovered to date carry inedible Burkholderia in addition to

food bacteria, but it is not clear whether or not a preponderance of naïve bacteria might induce the

farming state by overwhelming the phagocytic actions of the host amoebae. In this study we address this

question with D. discoideum clones that naturally carry bacteria and those that do not. Will naïve

bacteria in large numbers succeed in colonizing the amoebae?

Methods. We grew five non-farmer clones and five farmer clones of wild-collected Dictyostelium

discoideum on three different concentrations of a highly palatable bacterial food source, Klebsiella

pneumoniae. We then tested them to see if they carried bacteria through the social stage.

Results. We found that bacterial density did not have a significant effect on whether or not the clones

carried bacteria through the social stage. Even those grown in very dense bacterial cultures were able to

shed them successfully unless they were also carrying Burkholderia.

Discussion. Our results indicate that even a preponderance of food bacteria cannot overwhelm the

ability of social amoebae to digest and not carry bacteria. Apparently, only the inedible Burkholderia

have that effect. This points to the importance of understanding co-infection with multiple bacteria

because those that cannot induce carriage can nevertheless become carried, foiling digestive processes,

but only in the presence of another bacterium. Future studies of host bacteria interactions should

consider using multiple bacteria simultaneously.
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46 ABSTRACT (500 words)

47 Background. Interactions between eukaryotic amoebae and bacteria are understudied and 

48 important. Bacteria inside of amoebae are protected from external forces including antibiotics. 

49 An excellent model for bacteria-amoeba interactions is the social amoeba Dictyostelium 

50 discoideum and its associated bacteria. A third of wild-collected clones of the soil-dwelling 

51 amoeba Dictyostelium discoideum exhibit a suite of characteristics that make them simple 

52 farmers of bacteria. They carry bacteria internally through the social spore-making stage. They 

53 then release these bacteria to grow and subsequently eat them, prudently stopping before they are 

54 entirely consumed so some bacteria can be carried to the next generation. D. discoideum defend 

55 their food bacteria with other inedible bacteria that produce compounds toxic to non-farmers. 

56 Both carried bacteria and social amoeba hosts have demonstrated co-evolved characteristics. 

57 Most farmer clones discovered to date carry inedible Burkholderia in addition to food bacteria, 

58 but it is not clear whether or not a preponderance of naïve bacteria might induce the farming 

59 state by overwhelming the phagocytic actions of the host amoebae. In this study we address this 

60 question with D. discoideum clones that naturally carry bacteria and those that do not. Will naïve 

61 bacteria in large numbers succeed in colonizing the amoebae?

62 Methods. We grew five non-farmer clones and five farmer clones of wild-collected 

63 Dictyostelium discoideum on three different concentrations of a highly palatable bacterial food 

64 source, Klebsiella pneumoniae. We then tested them to see if they carried bacteria through the 

65 social stage.

66 Results. We found that bacterial density did not have a significant effect on whether or not the 

67 clones carried bacteria through the social stage. Even those grown in very dense bacterial 

68 cultures were able to shed them successfully unless they were also carrying Burkholderia.

69 Discussion. Our results indicate that even a preponderance of food bacteria cannot overwhelm 

70 the ability of social amoebae to digest and not carry bacteria. Apparently, only the inedible 

71 Burkholderia have that effect. This points to the importance of understanding co-infection with 

72 multiple bacteria because those that cannot induce carriage can nevertheless become carried, 

73 foiling digestive processes, but only in the presence of another bacterium. Future studies of host 

74 bacteria interactions should consider using multiple bacteria simultaneously.
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92 Finding nutrients is essential for all organisms.  However, certain environments contain 

93 fluctuating resources where preferred food is not always available. This is particularly likely to 

94 be true of highly heterogeneous soil environments. To maximize survival, many organisms must 

95 adapt to both high-resource and low-resource environments.  Phenotypic plasticity is observed in 

96 many genera, is defined as the ability of an organism to adopt different phenotypes depending on 

97 its environment, and may impact the origination of novel phenotypes [1, 2].  For example, 

98 captive mallard ducks, Anas platyrhynchos, are able to alter their digestive organs based on diet 

99 and fiber availability [3].  Mallards eating a poor quality diet increase the size of their digestive 

100 organs to maximize digestion efficiency.  Similar diet response changes have been documented 

101 in other organisms such as house sparrow nestlings [4], Mongolian gerbils [5], colocolo 

102 opossums [6], and African clawed frogs [7].   

103
104 Alternatively, some organisms have evolved mechanisms to address this issue by using 

105 agriculture to grow their preferred food.  Well-studied examples of agriculture are found in ants, 

106 termites, and ambrosia beetles, where these insect farmers became dependent on cultivated crops 

107 for food to minimize environmental variance [8-10].  These three types of insect agriculturists 

108 have obligate relationships with their cultivated food source.  However, we might expect that a 

109 facultative farming phenotype, where both partners can grow independently, may exhibit 

110 plasticity and change based on the environment.  

111
112 Some clones of the social amoeba Dictyostelium discoideum have a primitive type of 

113 bacterial farming similar to fungal farming in ants, termites, and ambrosia beetles [11]. D. 

114 discoideum is a eukaryotic amoeba found in the soil and leaf litter with a unique life cycle 

115 composed of a solitary, vegetative stage and a social, multicellular stage [12].  In the solitary 

116 stage, amoebae prey on bacteria and divide mitotically.  If food bacteria become exhausted, D. 

117 discoideum amoebae starve and enter into the social stage.  Here, D. discoideum amoebae 

118 aggregate in the thousands.  Slugs form that are capable of migrating in search of new food 

119 sources. After migration, the slug forms a fruiting body containing about 80% reproductive 

120 spores and about 20% stalk cells that altruistically die to aid in spore dispersal[13]. 

121
122 We recently discovered that some clones carry an inedible bacterium, Burkholderia sp., 

123 which allows them to also carry edible bacteria, essentially turning them into farmers [14].  

124 Bacteria are carried inside the fruiting body and can seed new food populations when dispersed 

125 into food-scarce conditions.  In addition to carrying bacteria, farmer clones have reduced slug 

126 migration distances, harvest food bacteria prudently (form fruiting bodies before all bacteria are 

127 eaten), and are resistant to toxic secretions of Burkholderia [11, 15].  For the prudent harvesting 

128 trait, farmers forego eating all available food bacteria to save some for transport while non-

129 farmers instead maximize growth by eating all available food bacteria [11].  Therefore, when 

130 preferred food bacteria are absent or few, farmers are able to capitalize on their transported 

131 bacteria and produce many more spores than non-farmers.  However, when preferred food 

132 bacteria are plentiful, non-farmers can produce more spores and out-compete farmers. One 

133 indication that bacteria density matters is that we have previously found Allee effects in D. 

134 discoideum interactions with bacteria [16]. In this case whether or not bacteria were toxic to D. 

135 discoideum depended on their density. In this study we ask another question related to density. 

136 Can dense populations of bacteria overwhelm D. discoideum’s digestive processes and become 
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137 carried? Or is bacteria carriage entirely controlled by Burkholderia already in D. discoideum 

138 spores? 

139 To test this, we grew D. discoideum clones at three different bacterial densities, attained 

140 by varying the nutrient content of the agar plates and then adding a standard number of bacteria 

141 to proliferate.  We did not find support for our hypothesis. Only prior carriage of Burkholderia 

142 influenced the ability of D. discoideum to carry food bacteria.

143
144 MATERIALS AND METHODS

145
146 We grew amoebae from 10 different clones at 3 different bacterial densities to see if high 

147 bacterial density could induce carriage through the D. discoideum social cycle. Five clones were 

148 farmers, already carrying Burkholderia, and five were bacteria-free. We tested them by placing 

149 fruiting bodies on nutrient plates without bacteria and scoring bacterial growth. Figure 1 shows 

150 our experimental procedure.

151
152 Wild D. discoideum isolates and culture conditions

153 We used five farmer clones (QS11, QS21, QS22, QS23, and QS155) and five non-farmer clones 

154 (QS1, QS6, QS9, QS17, and QS18) collected at Mountain Lake Biological Station in Virginia 

155 (GPS coordinates: N 37° 21’, W 80° 31’) for our test population.  The five farmers used in this 

156 study each carry Burkholderia Clade 2 [11, 14] as well as the lab food Klebsiella pneumoniae.  

157 One farmer (QS155) also carries Stenotrophomonas maltophilia K279a (closest identity by 16S 

158 rRNA).  We plated wild clones from spores on nutrient agar petri plates (2 g glucose, 2 g Oxoid 

159 bactopeptone, 2 g Oxoid yeast extract, 0.2 g MgSO4, 1.9 g KH2PO4, 1 g K2HPO4, and 15.5 g 

160 agar per liter DDH2O) in association with K.  pneumoniae at room temperature (22°C) to prepare 

161 stock plates for experiments.   We prepared our bacterial food stock by growing shaking 

162 overnight cultures of K. pneumoniae in liquid Luria broth (LB) (10 g tryptone, 5 g Oxoid yeast 

163 extract, and 10 g NaCl per liter DDH2O) at 25oC.  

164
165 Experimental stock plate preparation and culture conditions

166 To test whether available food bacteria density changes the ability of a clone to carry bacteria 

167 through the social stage, we used a standard bacteria media and decreased nutrient amounts for 

168 food bacteria by five-fold and ten-fold. The three different medias are SM (10g peptone, 1g yeast 

169 extract, 10g glucose, 1.9g KH2PO4, 1.3g K2HPO4, 0.49g MgSO4 anhydrous and 15.5g of agar per 

170 liter DDH2O), SM/5 (2g peptone, 0.2g yeast extract, 2g glucose, 1.9g KH2PO4 , 1.3 g K2HPO4, 

171 0.2 g MgSO4 anhydrous and 15.5g of agar per liter DDH2O), and SM/10 (1g peptone, 0.1g yeast 

172 extract, 1g glucose, 1.9g KH2PO4 , 1.3g K2HPO4, 0.1g MgSO4 anhydrous and 15.5g of agar per 

173 1L of DDH2O).  We collected spores from five farmers and five non-farmers in starvation buffer 

174 (2.25g KH2PO4 and 0.67g K2HPO4 per liter DDH2O) and counted with dilution using a 

175 hemocytometer and light microscope to determine spore density.  Next we plated 2x105 spores 

176 with 200μL of K. pneumoniae on each of the three media concentrations.

177
178 Determining Bacterial density 

179 To establish the link between plate composition and bacterial density, we determined bacteria 

180 colony forming units for K. pneumoniae grown on agar plates containing varying nutrient 

181 densities.  We made an overnight liquid culture of K. pneumoniae and incubated it at 21ºC.  We 

182 set the concentration of bacteria at 1.5 O.D. A600.  Next, we plated 200µL of K. pneumoniae on 
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183 SM, SM/5, and SM/10 nutrient agar plates (see stock plate preparation above).  After two days of 

184 bacterial growth, we collected the bacteria in a measured volume of starvation buffer for each 

185 plate and determined the number of bacteria on the plate through serial dilutions to get colony 

186 forming units per microliter.  We performed three replicates.

187
188 Bacteria presence assay to determine farmer or non-farmer status 

189 In order to determine if farmer or non-farmer status changes during growth on different bacterial 

190 densities, we set up bacteria presence assays (spotting tests) seven days after plating and growing 

191 clones on treatment plates.  For each clone and each treatment, we collected 20 individual sori by 

192 touching the top of a sorus with a pipet tip with a filter using a dissecting scope. Then we 

193 transferred the contents of each sorus by touching the pipet tip to a fresh SM/5 agar plate with no 

194 added K. pneumoniae, making a grid of twenty individual spots on the plate.  After three days, 

195 we checked the plates for bacterial growth.  See Figure 2 for representative experimental spot 

196 test plates.  We tabulated total number of positive spot tests for each clone in each nutrient 

197 density.  We used these data to determine if farmer and non-farmer status changed for a 

198 particular clone based on whether or not we observed bacteria growth from individual spotted 

199 sorus contents on the nutrient agar plate.  Positive bacterial growth for a majority of the twenty 

200 spots indicates farmer status based on bacteria carriage; negative bacterial growth for a majority 

201 of the spots indicates non-farmer status (Figure 4).  For each clone and each nutrient level, we 

202 performed two replicates.    

203
204 Statistical analyses

205 We analyzed our data using a mixed model ANOVA with fixed effects (farmer and non-farmer) 

206 and a random affect (clone).  Analysis specifics are found in the results section.  Standard error 

207 and F-statistics were Kenward Rogers (KR) corrected so that degrees of freedom are 

208 approximated using variances and correlations in the observed data (Kenward and Rogers 1997).  

209 We used SAS software (Version 9-2 of the SAS System for Windows, Copyright 2002-2003, 

210 SAS Institute Inc.) to analyze our data.

211
212 RESULTS

213 First we show that our way of manipulating bacterial density is effective. Then we show that 

214 food density does not change whether D. discoideum carry bacteria through the social stage. 

215
216 Bacterial densities increase with plate nutrient density.

217 For our experiments with D. discoideum, we added a fixed number of bacteria to each treatment, 

218 expecting them to proliferate more on plates with richer media. To show that this was the case, 

219 we grew K. pneumoniae on three different media with decreasing nutrient densities: SM, SM/5, 

220 and SM/10. SM contains five times more nutrients for bacteria than SM/5 and ten times more 

221 than SM/10.  We plated a fixed amount of our food bacteria, K. pneumoniae, on each of the three 

222 densities in triplicate.  After growth, we collected the bacteria and determined the number of 

223 colony forming units (CFUs) for each nutrient density under this regime.  We found that the 

224 number of bacteria present on each media type was proportional to the nutrient density (Figure 

225 3).   SM produced 55.63 x 1010 CFUs +/- 5.33, SM/5 produced about one fifth the CFUs of SM 

226 at 11.06 x 1010 CFUs +/- 0.36, and SM/10 produced about one tenth the CFUs of SM at 5.26 x 

227 1010 CFUs +/- 0.18.  Based on these data, we used plate nutrient density as a proxy for bacterial 

228 density. 
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229
230 D. discoideum grown with more bacteria are not more likely to carry them through the 

231 social stage.

232 To determine if bacterial carriage is a plastic trait dependent on the density of bacteria available, 

233 we used five farmers and five non-farmers grown independently on three different types of 

234 nutrient agar plates (SM, SM/5, and SM/10) as a proxy for bacterial density.  We tested twenty 

235 sori for bacteria presence from each clone in each nutrient density.  We found bacteria carriage is 

236 not dependent on food abundance (Figure 4).  Carriage for both farmers and non-farmers is 

237 statistically unchanged in the three nutrient levels (Farmer*Nutrient Level F2,46 F = 0.17 p = 

238 0.8462); individual farmers and non-farmers do not differ from each other in each nutrient level 

239 (Nutrient Level F2,46 =3.18 p = 0.0506); and farmer status also remains unchanged in the three 

240 nutrient densities (Farmer F1,8 = 368.86 p< 0.0001).  We used a post hoc Tukey HSD test to 

241 correct for multiple comparisons and significant differences are indicated by different letters.  

242 Error bars equal s.e.m; N equals 10 with two biological replicates.  These data show that the 

243 bacterial density found in the environment of a D. discoideum clone does not play a role in 

244 whether or not bacteria are carried through the clearing stage during development into a fruiting 

245 body. 

246
247 DISCUSSION 

248 Our results suggest that farmers carry bacteria with the same frequency regardless of bacterial 

249 density.  Non-famers tested were unable to farm, irrespective of food density. Thus, the amount 

250 of bacteria available in the environment during the vegetative stage had no effect on the ability of 

251 clones to carry bacteria through the social stage.   Clearly Burkholderia are necessary for clones 

252 to also carry food bacteria.

253 We still have many questions about this system. We might have expected that the 

254 relationship between bacterial density and carriage went the opposite direction if D. discoideum 

255 were in control, since they might have more need of bacteria in a new place if edible ones are 

256 generally scarce. Our results did not support this opposite hypothesis. 

257 We can also ask why have Burkholderia not swept through the population of D. 

258 discoideum, since they confer the advantage of allowing bacterial carriage through the social 

259 stage?  There may be costs to carrying Burkholderia in the vegetative stage where clones of D. 

260 discoideum simply eat bacteria and then divide through mitosis. Perhaps digestion slows this 

261 form of proliferation. However, we have prior evidence against this where we showed that 

262 farmer clones did not proliferate less well in the vegetative stage than non-farmer clones [11].

263 It is unusual that farming is not universal in D. discoideum, present in some but not other 

264 clones. Indeed, the insect examples we mentioned in the beginning all have fixed farming across 

265 the species. That it is variable in D. discoideum means that there are great opportunities for 

266 future research on the costs and benefits of the interaction, and on what changes occur in all the 

267 partners over evolutionary time. Completely novel symbiosis interactions will also inform this 

268 endeavor [17].

269
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327
328
329 FIGURE LEGENDS

330 Figure 1. Diagrammatic representation of the spot test (bacteria presence or absence) 

331 experiment. Tan rectangular bars are nutrient agar plates in three densities: high (SM), medium 

332 (Sm/5), and low (SM/10).  

333
334 Figure 2. Sample spot test plates.  A. Random spore masses spotted from a representative D. 

335 discoideum farmer clone are positive for bacteria presence. Spots show bacteria and D. 

336 discoideum fruiting bodies.  B. Random spore masses spotted from a representative D. 

337 discoideum non-farmer clone are negative for bacteria presence. Spots are blank. (Photo credit 

338 Debra Brock)

339
340 Figure 3. Bacteria increase on plates made with more nutrients. We began our plates with 

341 equal numbers of K. pneumoniae bacteria and relied on their proliferation under different 

342 nutrient conditions to generate the variation in prey for the social amoebae D. discoideum. This 

343 figure shows that greater nutrient density results in greater numbers of prey bacteria. CFUs equal 

344 colony forming units of culturable bacteria.

345
346 Figure 4.  Bacteria carriage by D. discoideum farmers is not dependent on food abundance.  

347 We tested twenty random fruiting body sori for bacteria presence from each of five different 

348 farmer and five different non-farmer clones grown on three different types of nutrient agar plates 

349 as a proxy for bacteria density.  SM plates are nutrient rich and so support the highest bacteria 

350 density if bacteria are present in the fruiting bodies while SM/10 plates have the least.  We 

351 scored for positive or negative bacteria growth after 5 days.  We found bacteria present in nearly 

352 all tested farmer fruiting bodies regardless of the nutrient density of the medium they were plated 

353 on while bacteria were absent in nearly all the non-farmer fruiting bodies under the same 

354 conditions.  We used a post hoc Tukey HSD test to correct for multiple comparisons and 

355 significant differences are indicated by different letters.  Error bars equal s.e.m; N equals 10 with 

356 two biological replicates.

357
358
359
360  

361
362
363
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Figure 1

Diagrammatic representation of the spot test (bacteria presence or absence)

experiment.

Tan rectangular bars are nutrient agar plates in three densities: high (SM), medium (Sm/5),

and low (SM/10).
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Figure 2

Sample spot test plates.

A. Random spore masses spotted from a representative D. discoideum farmer clone are

positive for bacteria presence. Spots show bacteria and D. discoideum fruiting bodies. B.

Random spore masses spotted from a representative D. discoideum non-farmer clone are

negative for bacteria presence. Spots are blank. (Photo credit Debra Brock)
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Figure 3

Bacteria increase on plates made with more nutrients.

We began our plates with equal numbers of K. pneumoniae bacteria and relied on their

proliferation under different nutrient conditions to generate the variation in prey for the

social amoebae D. discoideum. This figure shows that greater nutrient density results in

greater numbers of prey bacteria. CFUs equal colony forming units of culturable bacteria.
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Figure 4

Bacteria carriage by D. discoideum farmers is not dependent on food abundance.

We tested twenty random fruiting body sori for bacteria presence from each of five different

farmer and five different non-farmer clones grown on three different types of nutrient agar

plates as a proxy for bacteria density. SM plates are nutrient rich and so support the highest

bacteria density if bacteria are present in the fruiting bodies while SM/10 plates have the

least. We scored for positive or negative bacteria growth after 5 days. We found bacteria

present in nearly all tested farmer fruiting bodies regardless of the nutrient density of the

medium they were plated on while bacteria were absent in nearly all the non-farmer fruiting

bodies under the same conditions. We used a post hoc Tukey HSD test to correct for multiple

comparisons and significant differences are indicated by different letters. Error bars equal

s.e.m; N equals 10 with two biological replicates.
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