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Abstract

Microbial interactions are ubiquitous in nature, and equally as relevant to human wellbeing as the
identities of the interacting microbes. However, microbial interactions are difficult to measure and
characterize. Furthermore, there is growing evidence that they are not fixed, but dependent on
environmental context. We present a novel workflow for inferring microbial interactions that integrates
semi-automated image analysis with a colony stamping mechanism, with the overall effect of improving
throughput and reproducibility of colony interaction assays. We apply our approach to infer interactions
among bacterial species associated with the normal lung microbiome, and how those interactions are
altered by the presence of benzo[a]pyrene, a carcinogenic compound found in cigarettes. We found that
the presence of this single compound changed the interaction network, demonstrating that microbial

interactions are indeed highly dynamic and responsive to environmental context.

Introduction

Microbes are rarely done. Microbial communities are nature's workhorses, from degrading tree
litter in the forest to degrading cheese burgers in the colon [1,2]. Complex communities of bacteria and
fungi surround the roots of plants and colonize the surfaces of our teeth [3,4]. Interactions between
microorganisms within these communities can entirely determine the overall interaction of the community
with the environment. A potent example is the influence of Clostridium scindens on Clostridium difficile
[5]. C. difficile is an intestinal pathogen that can reside indefinitely in the intestinal tract of healthy
humans alongside hundreds of other species. However, after antibiotic treatment, C. difficile often
outcompetes its neighbors and produces toxins, causing the host to experience intense diarrhea, fever and
weight loss. Interestingly, the addition of a single species—C. scindens—to the intestinal community can
prevent C. difficile overgrowth and the associated negative symptoms [5]. A single interaction means the
difference between health and disease. Similarly, disease severity can be influenced by microbial

interactions. For example, Burkholderia cenocepacia increases mortality among cystic fibrosis patients
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with Pseudomonas aeruginosa-associated lung infections, illustrating that interactions among microbes
are just as relevant to human health as the identities of the species with which we interact [6].

However, it is difficult to measure and characterize microbial interactions [7]. Interactions have
many underlying causes including direct interactions through signaling or toxin molecules, competition
and cross-feeding, or the result of one species actively changing environmental factors such as pH [8].
Interactions are particularly difficult to measure in complex, multi-species communities. Recent efforts to
elucidate the network of microbial interactions relied on time-series measurements of metagenomic
sequence data, inferring interaction information from microbia abundance dynamics [9,10]. While useful,
these approaches often assume that the nature of microbial interactionsis fixed, an assumption which can
mask important biological insights. Returning to the interaction between C. scindens and C. difficile, it
was shown that C. scindens prevents C. difficile overgrowth by producing secondary bile acids, which is
only possible in the presence of primary bile acids [5]. Clearly, in at least some cases, the chemical and
nutritional context of the environment determines the interactions which are possible. The question of
“how fixed are microbial interactions?’ is still open, and answering this question requires innovation in
the ways we measure microbial interactions, and requires many more observations of microbial
communitiesin many different contexts.

We present a novel screening approach to quantify microbial interactions in vitro, enabling us to
measure how those interactions change as a function of the environment. As a test case, we chose to
examine the influence of benzo[alpyrene (BaP) on the interactions between a subset of “core” lung
bacterial species[11,12]. BaP isapolycyclic aromatic hydrocarbon that is found in cigarette smoke which
can interfere with DNA replication [11]. We quantified the pairwise interactions between bacterial species
in control and BaP media conditions and found that at least one interaction was completely altered from
growth-promoting to growth-inhibiting, while many other interactions changed more subtly in sign or
magnitude. This proof-of-principle demonstration highlights the utility of our new framework and the fact

that microbial interactions are highly dynamic and responsive to the environment. Improved tools will
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lead to greater awareness and understanding of microbial interactions, and to an increased ability to target

them therapeutically.

Materialsand M ethods
Species Selection

Previous research suggests the existence of a core microbiome in the human lung [12]. We
selected bacterial species which are associated with the respiratory tract: P. aeruginosa PAOL, P.
aeruginosa PA14, Haemophilus influenza type B ATCC 10211, Haemophilus parainfluenzae ATCC

7901, and Staphylococcus aureus ATCC 29213.

Media and Culture Protocol

All five species were cultured in brain-heart infusion (BHI) medium (BD) supplemented with L-
histidine (0.01 g/L) (Sigma), hemin (0.01 g/L) (Sigma) and B-NAD (0.01 g/L) (Sigma) [13]. For the agar
plates, we added granulated agar (BD) at 1.2% by weight. We prepared a stock solution of BaP (Sigma)
dissolved in DM SO at 10 mg/mL and filter sterilized this solution (0.2 um pore size). We added 250 mL
of thissolution into 1L of supplemented BHI for BaP conditions.

On day 0, we made the agar plates and the liquid medium. We allowed liquid cultures to grow for
24 hours in a shaking incubator at 37°C and 5% CO,. On day 1, we collected OD600 measurements for
each of the liquid cultures, diluted the liquid cultures to equal OD600 with fresh medium, and evenly
spread 7 mL on agar plates to create a lawn of each species which grew for 24 hours. On day 2, each
species was stamped onto fresh 6-well agar plates using a custom stamping mechanism which ensured
equal initial spacing and colony size (Fig 1). Each species was grown aone and in pairwise combinations
with the other four species. The stamped 6-well plates were placed in the incubator for 24 hours before

imaging (Fig 1).


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/079251; this version posted October 4, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

88  Fig 1. Workflow description. All five species were grown in overnight liquid cultures. Cultures were
89  diluted with fresh media, spread evenly over agar plates and incubated for 24 hours to grow into lawns.
90  Wedevised a stamping mechanism to maintain consistent spacing and sizes of initial colonies. Nails were
91  usedtolift cells from the lawns. The nails were placed into slats in a 3D-printed stamping mechanism and
92  cells were carefully “stamped” onto fresh BHI agar poured in 6-well plates. In the control condition, all
93  five species were grown alone, and all pairwise combinations were grown together (six replicates were
94  performed of each condition). For the BaP condition, the procedure was identical except that BaP was
95  added to the growth media. The stamped colonies were incubated for 24 hours and the resulting colonies
96  wereimaged at 2x magnification. The images were automatically segmented and colony areas calculated
97  using image analysis software (see Materials and Methods).
98
99  Stamping Mechanism
100 In measuring bacterial areas as one of our final metrics, it was necessary to ensure that the initial
101  bacterial colonies were stamped at a consistent size and spacing. We selected a starting spot size of 0.5
102  mm diameter, which were placed 3.5 mm apart (from center to center). To achieve these specifications,
103  we used metal nails to pick up the bacteria from the lawn and a 3D-printed mechanism to stamp the
104  Dbacteriaonto the plates. The metal nails had uniform tip size and were non-porous, which improved initial
105  inoculation consistency. The stamping mechanism had two fixed slots, each sized to allow the nails to
106  didein. These slats ensured that the two nails were the same distance apart for each stamping. The nails
107  were autoclaved and the stamping mechanism was routinely disinfected with CaviCide (Metrex).
108
109  Imaging Bacteria
110 Our images were captured by an EVOS microscope (ThermoFisher Scientific) at 2x
111 magnification and using the brightfield mode (Fig 1). We collected images for six biological replicates of
112 each condition (Fig 2). In order to convert colony areas from pixels to mm?, additional images were taken

113 of size standards.
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114

115  Fig 2. Representative images of bacterial colonies. After being stamped and grown for 24 hours, we
116  imaged al the experimental conditions (six replicates each of five species grown alone and in pairs, in
117  control and BaP conditions). Here we show representative images of the five species grown alone in
118  control media (along the diagonal), the pairwise combinations in control media (upper triangular portion
119  outlined by red, dashed line), and pairwise combinations in BaP media (lower triangular portion outlines
120 by blue, dashed line). The row indicates the species grown on the left and the column indicates the species
121 grown on the right. Interactions were determined by comparing colony area after growth alone to colony
122  areadafter growth in the presence of another species.

123

124  Data Analysis

125 Images were analyzed in CellProfiler, an open-source software package [14]. While bacterial
126 colonies were traced automatically in CellProfiler, we manually checked each image to ensure that edge
127  traces were accurate. We collected measurements of colony area (in pixels), shape and location. Colony
128  areas were converted from pixels to cm?® based on the images of paper standards (Fig 3). In order to infer
129  microbia interactions, colony areas in paired growth conditions were compared to colony growth alone
130  using atwo-sided Wilcoxon signed-rank test in R [15]. The p-values produced were adjusted for multiple
131  testing using the false discovery rate (FDR) method. Similarly, we compared the interactions from the
132 control condition to the condition with BaP exposure in order to identify cases where the nature of an
133 interaction changed. To accomplish this, we converted colony areas to area fold changes by dividing the
134  observations by the mean area when the species was grown alone. The observed fold changes in control
135  versus BaP conditions were compared using a two-sided Wilcoxon signed-rank test and p-values were
136  adjusted for multiple testing using the FDR method.

137

138  All of our images and analysis scripts are available in our online repository:

139  https://github.com/mbi2gs/BaP_microbial Interactions
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140

141 Fig 3. Final colony areas across all conditions. Colony areas were obtained from the images using
142  semi-automated image analysis in CellProfiler. Areas were converted from pixels to mm?® based on
143 images of paper standards. Control conditions are shown in blue while BaP conditions are shown in red.
144  Individua data points are shown in gray (note that some outliers are outside the axis range of these plots).
145  The colony areas correspond to the species labels on the left, while the labels along the bottom indicate
146  the paired species. Species interactions are inferred by comparing pairwise growth with growth alone. For
147  example, notice that when grown next to P. aeruginosa PA14, all the other species reach smaller colony

148  areas than when grown aone, suggesting that P. aeruginosa PA14 negatively interacts with all four other

149  gpecies.
150
151  Results

152  Interspecies I nteractions Observed in the Control Condition

153 Final colony areas of four of the five species were significantly altered by at least one interaction
154  in the control media condition (p-value < 0.05 by two-sided Wilcoxon signed-rank test corrected by
155 FDR). We observed that both of the P. aeruginosa species grew more when paired with H.
156  parainfluenzae or H. influenzae in control media, and the increase of growth was statistically significant
157  inthe case of P. aeruginosa PAOL (Fig 4A). S aureus grew less when it was paired with both of the P.
158  aeruginosa species. P. aeruginosa PAOL, S. aureus, H. parainfluenzae and H. influenzae all grew less
159  when paired with P. aeruginosa PA14.

160

161  Fig 4. Interactions between species ar e context-dependent. A—B Heat maps indicate the fold change in
162  colony area during pairwise growth with respect to growth alone. Fold changes in colony area are shown
163  for the species in the columns. The species along the rows are those which influenced the growth of the
164  species in the columns. Statistically significant changes in colony areas are indicated by yellow stars (p-

165  value < 0.05 by two-sided Wilcoxon signed-rank test corrected by FDR). A. Fold changes in colony area
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166  in control media. S. aureus grows significantly less when grown next to P. aeruginosa PAO1, and P.
167  aeruginosa PAOL grows significantly less when paired with P. aeruginosa PA14. B. Fold changes in
168  colony area in BaP media. Only one interaction is statistically significant in this context, and it is an
169  interaction that was also observed in the control condition. C. Panel A subtracted from panel B. The
170  difference in fold change is an indication of how different the interactions are in the two conditions.
171  Statigtical significance was determined by two-sided Wilcoxon signed-rank test on the fold change data
172 for each interaction, and then FDR corrected. Only one interaction was significantly changed between the
173  two conditions. P. aeruginosa PAO1 grew more when paired with H. influenzae in control media, but
174  grew lessin BaP media. Some interactions were essentially identical between the two conditions (e.g. P.
175  aeruginosa PAOL grows less when paired with P. aeruginosa PA14, regardless of the presence of BaP),
176  and others were changed, if not in a statisticaly significant way (e.g. P. aeruginosa PAO1 grows more
177  when paired with H. parainfluenzae in control media, but less in BaP media). D. An illustration of the
178  BaP-dependent interactions between H. influenzae and P. aeruginosa PAO1l. We put question marks
179  beside the interactions which are observed but not statistically significant. Note that BaP causes H.
180 influenzaeto switch from a positive to a negative influence on P. aeruginosa PAOL.

181

182  BaP Alters|nterspecies | nteractions

183 We did not observe statistically significant changes in bacterial colony growth when grown aone
184  in the presence of BaP after correcting for multiple testing, although the increase in H. influenzae colony
185  size was significant before FDR correction (Fig 3). In terms of interactions, we observed that S. aureus
186  grew significantly less when paired with P. aeruginosa PA14 in the BaP media condition (Fig 4B; p-
187  value < 0.05 by two-sided Wilcoxon signed-rank test corrected by FDR). This same interaction (P.
188  aeruginosa PA14 inhibition of S. aureus) was also observed to be statistically significant in the control
189  condition (Fig 4A). Some interactions from the control condition, while no longer statistically significant
190 inthe BaP condition, did retain the same trends from the control condition. P. aeruginosa PAOL still grew

191  less when paired with P. aeruginosa PA14 and S aureus growth was inhibited when paired with P.
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192  aeruginosa PAO1 (Fig 4B). Thetrend of other interactions from the control condition seemed to changein
193  the BaP condition (Fig 4C). The only statisticaly significant change was the interaction between H.
194  influenzae and P. aeruginosa PAOL. In the control condition, P. aeruginosa PAO1 grew more when paired
195  with H. influenzae, while in the BaP condition, P. aeruginosa PAO1 grew less when paired with H.
196 influenzae (Fig 4C). A similar trend can be seen in the interaction between H. parainfluenzae and P.
197  aeruginosa PAO1, although it is not statistically significant after multiple testing correction.

198

199  Discussion

200 We devised an in vitro experimental framework that allows for the semi-automated assessment of
201  pairwise interactions between microbes grown in vitro. We demonstrate our framework on a set of five
202  representative lung bacterial species. We identified several growth-altering interactions in both control
203 and BaP conditions, and significantly, we saw that the nature of at least one observed interaction was
204  significantly different between the two conditions, indicating that interspecies interactions are altered by
205  the presence of BaP.

206 Our pipeline includes anovel stamping mechanism for standardizing colony sizes, combined with
207  quantitativeimage analysis (Fig 1). Weincorporated the open-source image analysis software CellProfiler
208  into our workflow to increase throughput and quantify interactions [14]. Our methodology alows for
209  automated, quantitative measurements of colony attributes whereas previous research using similar
210  techniques has relied on manual observations [16]. For this work, we chose to focus on colony area as an
211  indicator of interaction strength. Colony areais a function of both growth rate and duration. We assume
212 that a bacteria colony will grow more slowly and/or stop growing earlier when the cells are under stress
213 (due to some negative interaction). Similarly, we assume that a colony will grow faster and/or longer if it
214  isparticipating in a beneficia interaction. Our workflow does not give much insight into the mechanism
215  of the interaction except perhaps to require that interactions act over a distance, since generaly the
216  colonies are not physically interacting. Potential diffusion-based causes of interactions include (but are

217  not limited to) metabolic competition, cross-feeding, signaling, or toxin-mediated interactions.
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218 In this study we observed many interspecies interactions, some of which have never been
219  reported in the literature. In both control and BaP conditions neighboring species grew less when paired
220  with P. aeruginosa PA14 (and to a lesser extent, PAOL; Fig 3). One contributing factor is that P.
221  aeruginosa PA14 and PAO1 colonies were enormous (Fig 2), suggesting that these two species utilized
222 nutritional resources more rapidly than neighboring species could access them. It is aso known that many
223 gpecies of P. aeruginosa excrete molecules that broadly inhibit growth among neighboring species,
224 including S. aureus and Haemophilus species [16-18]. We also observed that both H. influenzae and H.
225  parainfluenzae promote growth of P. aeruginosa PAOL (and to a lesser extend PA14), an interaction
226 which to our knowledge has never been reported before (Fig 4A), highlighting the utility of our approach
227  for identifying relevant and novel interspecies interactions.

228 An interesting outcome was the sensitivity of the observed interactions to the presence of BaP. In
229  thecontrol condition, P. aeruginosa PAO1 growth was enhanced when paired with H. influenzae, whilein
230 the presence of BaP, P. aeruginosa PAOLl growth was inhibited when paired with H. influenzae,
231  completely reversing the nature of the interaction (Fig 4D). While this reversed interaction was the most
232 dramatic observation, many interactions changed in nature or intensity to some extent, if not statistically
233 dignificantly (Fig 4C). It is remarkable that the addition of a single chemical could so drastically alter
234 elements of the interaction network, which has important implications in the context of human health
235  wherethe effect of pharmaceuticals on the human microbiota are rarely understood [19]. Thereis growing
236 evidence that microbia interactions are not fixed, but are context-dependent and in continuous feedback
237  with the local chemical backdrop [16,20,21]. Computationally, it has been shown that pairs of bacterial
238  gpecies can be made to compete or cooperate based solely on the nutritional context in which they are
239  grown [22]. The context-dependence of bacterial interactions becomes relevant during attempts to predict
240  the dynamics of important microbial communities such as the gut microbiome. Previously, mathematical
241 frameworks for inferring microbial interaction networks have been based on the assumption that
242 interactions are fixed [10,23]. Advances in predicting and engineering community dynamics will come as

243 weincrease our understanding of the effect of context on microbial interactions.
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244 Future applications of our workflow can easily utilize metrics other than colony area. Readily-
245  included metrics include colony shape and color. While we did not observe visible phenotypic differences
246  inthis particular study, previous research suggests that shape and color can reveal important interactions.
247  For example, pseudomonads can exhibit a “swarming” phenotype which drastically alters colony shape,
248  and Streptomyces coelicolor can produce a large variety of pigments which differ depending on the
249  identity of neighboring species[24,25].

250 The novel pipeline applied here enables faster screening of microbial interactions in vitro. Our
251  results derived from representative lung bacteria highlight the fact that microbial interactions are dynamic
252 and responsive to environmental perturbations. Improved tools such as those presented here will lead to
253  greater understanding of such interactions, and to an increased ability to modulate them therapeutically.
254

255  Acknowledgements

256  We gratefully acknowledge funding for this work through the University of Virginia by a Harrison
257  Undergraduate Research Award to AL and AA. This work was further supported by NIH grant
258  [5R01GM108501] to JP.

259

260  References.

261 1. VoriskovaJ, Baldrian P. Fungal community on decomposing leaf litter undergoes rapid

262 successional changes. ISME J. 2013;7: 477-486. doi:10.1038/ismej.2012.116

263 2. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly
264 and reproducibly alters the human gut microbiome. Nature. 2013;505: 559-563.

265 doi:10.1038/nature12820

266 3. Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH. Going back to the roots: the

267 microbial ecology of the rhizosphere. Nat Rev Microbiol. 2013;11: 789—799.

268 doi:10.1038/nrmicro3109

269 4, Simon-Soro A, Tomas |, Cabrera-Rubio R, Catalan MD, Nyvad B, Mira A. Microbia Geography


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

bioRxiv preprint doi: https://doi.org/10.1101/079251; this version posted October 4, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

10.

11.

12.

13.

aCC-BY-ND 4.0 International license.

of the Oral Cavity. J Dent Res. 2013;92: 616-621. doi:10.1177/0022034513488119

Buffie CG, Bucci V, Stein RR, McKenney PT, Ling L, Gobourne A, et a. Precision microbiome
reconstitution restores bile acid mediated resistance to Clostridium difficile. Nature; 2014;517:
205-208. doi:10.1038/nature13828

Schwab U, Abdullah LH, Perlmutt OS, Albert D, Davis CW, Arnold RR, €t al. Localization of
Burkholderia cepacia Complex Bacteriain Cystic Fibrosis Lungs and Interactions with
Pseudomonas aeruginosa in Hypoxic Mucus. Infect Immun. 2014;82: 4729-4745.
doi:10.1128/1A1.01876-14

Faust K, Raes J. Microbia interactions: from networks to models. Nat Rev Microbiol. 2012;10:
538-550. doi:10.1038/nrmicro2832

Comoalli LR. Intra- and inter-species interactions in microbial communities. Front Microbiol.
2014;5:629. doi:10.3389/fmich.2014.00629

Stein RR, Bucci V, Toussaint NC, Buffie CG, Rétsch G, Pamer EG, et a. Ecological Modding
from Time-Series Inference: Insight into Dynamics and Stability of Intestinal Microbiota. PLoS
Comput Biol. 2013;9: €1003388. doi:10.1371/journal .pchi.1003388

Marino S, Baxter NT, Huffnagle GB, Petrosino JF, Schloss PD. Mathematical modeling of
primary succession of murine intestinal microbiota. Proc Natl Acad Sci. 2014;111: 439-444.
doi:10.1073/pnas.1311322111

Denissenko MF, Pao A, Tang M, Pfeifer GP. Preferential formation of benzo[a]pyrene adducts at
lung cancer mutational hotspotsin P53. Science. 1996;274. 430-432.

Erb-Downward JR, Thompson DL, Han MK, Freeman CM, McCloskey L, Schmidt LA, et al.
Analysis of the Lung Microbiomein the “Healthy” Smoker and in COPD. PLoS One. 2011;6:
€16384. doi:10.1371/journal.pone.0016384

Coleman HN, Daines DA, Jarisch J, Smith AL. Chemically Defined Media for Growth of
Haemophilus influenzae Strains. J Clin Microbiol. 2003;41: 4408-4410.

doi:10.1128/JCM .41.9.4408-4410.2003


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

bioRxiv preprint doi: https://doi.org/10.1101/079251; this version posted October 4, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

aCC-BY-ND 4.0 International license.

Lamprecht MR, Sabatini DM, Carpenter AE. CellProfiler: free, versatile software for automated
biological image analysis. Biotechniques. 2007;42: 71-5.

R Core Team. R: A language and environment for statistical computing [Internet]. Vienna,
Austria; 2016. Available: https.//www.r-project.org/

Michelsen CF, Christensen A-MJ, Bojer MS, Hoiby N, Ingmer H, Jelsbak L. Staphylococcus
aureus Alters Growth Activity, Autolysis, and Antibiotic Tolerance in a Human Host-Adapted
Pseudomonas aeruginosa Lineage. J Bacteriol. 2014;196: 3903-3911. doi:10.1128/JB.02006-14
Tashiro Y, Yawata Y, Toyofuku M, Uchiyama H, Nomura N. Interspecies Interaction between
Pseudomonas aer uginosa and Other Microorganisms. Microbes Environ. 2013;28: 13-24.
doi:10.1264/jsme2.ME12167

Riley T V., Hoffman DC. Interference with Haemophilus influenzae growth by other
microorganisms. FEMS Microbiol Lett. 1986;33: 55-58. doi:10.1111/j.1574-6968.1986.tb01211.x
Maurice CF, Haiser HJ, Turnbaugh PJ. X enobiotics Shape the Physiology and Gene Expression of
the Active Human Gut Microbiome. Cell. 2013;152: 39-50. doi:10.1016/j.cell.2012.10.052
Lawrence D, Fiegna F, Behrends V, Bundy JG, Phillimore AB, Bell T, et a. Species Interactions
Alter Evolutionary Responses to a Novel Environment. PLoS Biol. 2012;10: €1001330.
doi:10.1371/journal.pbio.1001330

de Muinck EJ, Stenseth NC, Sachse D, vander Roost J, Rgnningen KS, Rudi K, et al. Context-
Dependent Competition in aModel Gut Bacterial Community. PLoS One. 2013;8: e67210.
doi:10.1371/journa.pone.0067210

Klitgord N, Segré D. Environments that induce synthetic microbial ecosystems. PLoS Comput
Biol. 2010;6. doi:10.1371/journal .pcbi.1001002

Steinway SN, Biggs MB, Loughran TP, Papin JA, Albert R. Inference of Network Dynamics and
Metabolic Interactionsin the Gut Microbiome. PLOS Comput Biol. 2015;11: €1004338.
doi:10.1371/journal.pchi.1004338

Morris JD, Hewitt JL, Wolfe LG, Kamatkar NG, Chapman SM, Diener JM, et a. Imaging and


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

322

323

324

325

326

327

bioRxiv preprint doi: https://doi.org/10.1101/079251; this version posted October 4, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

25.

aCC-BY-ND 4.0 International license.

Analysis of Pseudomonas aeruginosa Swarming and Rhamnolipid Production. Appl Environ
Microbiol. 2011;77: 8310-8317. doi:10.1128/AEM.06644-11

Traxler MF, Watrous JD, Alexandrov T, Dorrestein PC, Kolter R. Interspecies interactions
stimulate diversification of the Streptomyces coelicolor secreted metabolome. MBio. 2013;4.

doi:10.1128/mBi0.00459-13


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

Species 1 R

EEE— — .
% Species 2

Q€=

OO
OO

Spread overnight Incubated for 24 "Stamped" species pairs
liquid cultures on hours. with consistent spacing
agar plates to form and initial colony size.

an even lawn.
Incubated for 24

—

hours.
©
(O]
<
>
c
2 -
8 IOO:
eg 'Qf’rl/
& o)
(2 )

Semi-automatically Captured 2x
traced colonies using brightfield images of
CellProfiler. all species pairs.

Analyzed changes in
colony areas.


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

Species on the Left

P. aeruginosa PA14

P. aeruginosa PAO1

S. aureus

H. influenzae |

H. parainfluenzae B2

Species on the Right



https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

—

057 —Alone—
-]

“c 04+ gl

P. aeruginosa PA14 E ;. E | E ﬁ
@
g 0.2- — [ ey I - | E

o == o i ——
R —Alone—
e AT
. 0.4+ m
P. aeruginosa PAO1 % - - E I - $
0] __a & ]
< 0.2+ :r):
020/ —Alone—
E o15- - = Ema ; -
g0 = Wxdwm Ew s
S. aureus g o.10- =

o -
< 0057 awwniom rw ==
0.00 -

004 —Alone—
H. influenzae %0.02- e E - Eb |
£ oot —
0.00-

—~ —Alone—
NE 0.06 -
H. parainfluenzae §°-°4' e e TS == C5F mim mmrm

(0] 4
L [ —
0.00+

ICorlvtro/ BéP, ICorlvtro/ BéP, ,Cor'vtro/ BéP, ,Con'tro/ BéP, ICon'tro/ BéP,
I I I I

> > o 2%
& & N N &
\ & © R Q
e(o@v\y & §» » & o
Q'o Q 2R 5 & N

R &


https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

Control Paired with: BaP Paired with:

" R A

-
g
(0]

(]
.. . PAO1 .- . PAO1 =2
©
. S. aureus S. aureus 5
©
e H. influenzae . H. influenzae 1 E
i . H. parainfiu . H. parainfiu i 0.3
e N OO0 Ew N © oW
O N QO N O N QN K
Q AOQ X Q A OQ
FITTS & FIIT§ &H
S N 9 G
& o & Q g o & Q
$ 'S $ 'S
R NS
BaP-Control Paired with: 25
I Bl - |
(0]
. PAO1 o9y
© %
S. aureus 6 o
o
H. influenzae Eo

0
. H. parainfiu. N 0.5



https://doi.org/10.1101/079251
http://creativecommons.org/licenses/by-nd/4.0/

