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Abstract

Microbial interactions are ubiquitous in nature, and are equally as relevant to human wellbe-

ing 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 stamp-

ing 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 dynamic and responsive to local chemical context.

Introduction

Microbes are rarely alone. Microbial communities are nature’s workhorses, from degrading

tree litter in the forest to degrading food 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 interac-

tion 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 indefi-

nitely 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 addi-

tion of a single species—C. scindens—to the intestinal community can prevent C. difficile over-

growth and the associated negative symptoms [5]. A single interaction can make the difference

between health and disease. Similarly, disease severity can be influenced by microbial interac-

tions. For example, Burkholderia cenocepacia increases mortality among cystic fibrosis patients

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

humans interact [6].
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However, it is difficult to measure and characterize microbial interactions [7]. Interactions

have many underlying causes including direct interactions through signaling or toxin mole-

cules, competition and cross-feeding, or the result of one species actively changing environ-

mental 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 microbial abundance dynamics [9,10]. While useful, these approaches often

assume that the nature of microbial interactions is 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 communities in 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 chemical environment. As a

test case, we chose to examine the influence of benzo[a]pyrene (BaP) on the interactions

between a subset of “core” lung bacterial species [11,12]. BaP is a polycyclic aromatic hydrocar-

bon that is found in cigarette smoke which can interfere with DNA replication [11]. We quan-

tified the pairwise interactions between bacterial species in control and BaP media conditions

using a novel inoculation protocol and semi-automated image analysis. We 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 interac-

tions are highly dynamic and responsive to the chemical environment. Improved tools will

lead to greater awareness and understanding of microbial interactions, and to an increased

ability to target them therapeutically.

Materials and methods

Species selection

Previous research suggests the existence of a core microbiome in the human lung [12]. We

selected bacterial species which are commonly associated with the respiratory tract [12]: P. aer-
uginosa PA01, 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 β-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 DMSO at 10 mg/mL and filter sterilized this solution

(0.2 μm pore size). We added 250 μL of this solution into 1L of supplemented BHI for BaP

conditions for a final concentration of 2.5 μg/ml. For reference, a single cigarette contains 3.4–

28.4 ng of BaP [14].

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% CO2. 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
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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 alone 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).

Stamping mechanism

In measuring bacterial areas as one of our final metrics, it was necessary to ensure that the ini-

tial bacterial colonies were stamped at a consistent size and spacing. We selected a starting

spot size of 0.5 mm diameter, which were placed 3.5 mm apart (from center to center). To

achieve these specifications, we used metal nails to pick up the bacteria from the lawn and a

3D-printed mechanism to stamp the bacteria onto the plates (Fig A in S1 Supplemental Mate-

rial). The metal nails had uniform tip size and were non-porous, which improved initial inocu-

lation consistency (1 ½ inch steel box nails, size 4D). The stamping mechanism had two fixed

slots, each sized to allow the nails to slide in. These slots ensured that the two nails were the

same distance apart for each stamping. The nails were autoclaved and the stamping mecha-

nism was routinely disinfected with CaviCide (Metrex). The STL file for 3D printing the

stamping mechanism has been included as S1 File and is also available in the online repository

for this project.

Fig 1. Workflow description. All five species were grown in overnight liquid cultures. Cultures were diluted with fresh media, spread

evenly over agar plates and incubated for 24 hours to grow into lawns. We devised a stamping mechanism to maintain consistent

spacing and sizes of initial colonies. Nails were used to lift cells from the lawns. The nails were placed into slots in a 3D-printed stamping

mechanism and cells were carefully “stamped” onto fresh BHI agar poured in 6-well plates. In the control condition, all five species were

grown alone, and all pairwise combinations were grown together (six replicates were performed of each condition). For the BaP

condition, the procedure was identical except that BaP was added to the growth media. The stamped colonies were incubated for 24

hours and the resulting colonies were imaged at 2x magnification. The images were automatically segmented and colony areas

calculated using image analysis software (see Materials and methods).

https://doi.org/10.1371/journal.pone.0164919.g001
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Imaging bacteria

Our images were captured by an EVOS microscope (ThermoFisher Scientific) at 2x magnifica-

tion and using the brightfield mode (Fig 1). We collected images for six biological replicates of

each condition (Fig 2). In order to convert colony areas from pixels to mm2, additional images

were taken of size standards.

Data analysis

Images were analyzed in CellProfiler, an open-source software package [15]. While bacterial

colonies were traced automatically in CellProfiler, we manually checked each image to ensure

that edge traces were accurate. We collected measurements of colony area (in pixels), shape

and location. Colony areas were converted from pixels to mm2 based on the images of paper

standards (Fig 3). In order to infer microbial interactions, colony areas in paired growth condi-

tions were compared to colony growth alone using a two-sided Wilcoxon signed-rank test in R

[16]. The p-values produced were adjusted for multiple testing using the false discovery rate

Fig 2. Representative images of bacterial colonies. After being stamped and grown for 24 hours, we imaged all the experimental

conditions (six replicates each of five species grown alone and in pairs, in control and BaP conditions). Here we show representative images

of the five species grown alone in control media (along the diagonal), the pairwise combinations in control media (upper triangular portion

outlined by red, dashed line), and pairwise combinations in BaP media (lower triangular portion outlined by blue, dashed line). The row

indicates the species grown on the left and the column indicates the species grown on the right. Interactions were determined by comparing

colony area after growth alone to colony area after growth in the presence of another species.

https://doi.org/10.1371/journal.pone.0164919.g002
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(FDR) method. Similarly, we compared the interactions from the control condition to the con-

dition with BaP exposure in order to identify cases where the nature of an interaction changed.

To accomplish this, we converted colony areas to area fold changes by dividing the observa-

tions by the mean area when the species was grown alone. The observed fold changes in con-

trol versus BaP conditions were compared using a two-sided Wilcoxon signed-rank test and p-

values were adjusted for multiple testing using the FDR method.

All of our images and analysis scripts are available in our online repository: https://github.

com/mbi2gs/BaP_microbialInteractions

Fig 3. Final colony areas across all conditions. Colony areas were obtained from the images using semi-automated image analysis in

CellProfiler. Areas were converted from pixels to mm2 based on images of paper standards. Control conditions are shown in blue while

BaP conditions are shown in red. Individual data points are shown in gray (note that some outliers are outside the axis range of these

plots). The colony areas correspond to the species labels on the left, while the labels along the bottom indicate the paired species. Species

interactions are inferred by comparing pairwise growth with growth alone. For example, notice that when grown next to P. aeruginosa

PA14, all the other species reach smaller colony areas than when grown alone, suggesting that P. aeruginosa PA14 negatively interacts

with all four other species.

https://doi.org/10.1371/journal.pone.0164919.g003
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Results

Interspecies interactions observed in the control condition

Final colony areas of four of the five species were significantly altered by at least one interac-

tion in the control media condition (p-value < 0.05 by two-sided Wilcoxon signed-rank test

corrected by FDR). We observed that both of the P. aeruginosa species grew more when paired

with H. parainfluenzae or H. influenzae in control media, and the increase of growth was statis-

tically significant in the case of P. aeruginosa PA01 (Fig 4A). S. aureus grew less when it was

paired with both of the P. aeruginosa species. P. aeruginosa PA01, S. aureus, H. parainfluenzae
and H. influenzae all grew less when paired with P. aeruginosa PA14.

We also grew each species alone and paired with itself in order to quantify self-interactions.

In this instance, none of the colonies grown alone were significantly different from those

paired with self (p-value > 0.4 by two-sided Wilcoxon signed-rank test corrected by FDR) (Fig

B in S1 Supplemental Material).

BaP alters interspecies interactions

We did not observe statistically significant changes in bacterial colony growth when grown

alone in the presence of BaP after correcting for multiple testing, although the increase in H.

influenzae colony size was significant before FDR correction (Fig 3). In terms of interactions,

we observed that S. aureus grew significantly less when paired with P. aeruginosa PA14 in the

BaP media condition (Fig 4B; p-value < 0.05 by two-sided Wilcoxon signed-rank test cor-

rected by FDR). This same interaction (P. aeruginosa PA14 inhibition of S. aureus) was also

observed to be statistically significant in the control condition (Fig 4A). Some interactions

from the control condition, while no longer statistically significant in the BaP condition, did

retain the same trends from the control condition. P. aeruginosa PA01 still grew less when

paired with P. aeruginosa PA14 and S. aureus growth was inhibited when paired with P. aerugi-
nosa PA01 (Fig 4B). The trend of other interactions from the control condition seemed to

change in the BaP condition (Fig 4C). The only statistically significant change was the interac-

tion between H. influenzae and P. aeruginosa PA01. In the control condition, P. aeruginosa
PA01 grew more when paired with H. influenzae, while in the BaP condition, P. aeruginosa
PA01 grew less when paired with H. influenzae (Fig 4C). A similar trend can be seen in the

interaction between H. parainfluenzae and P. aeruginosa PA01, although it is not statistically

significant after multiple testing correction.

In some instances, we observed colonies coming into physical contact after 24 hours of

growth. We repeated the experiment for P. aeruginosa PA01 and H. parainfluenzae and

included a semipermeable membrane (0.1 μm pore size) separating the two species (Fig C in

S1 Supplemental Material). There was no significant difference between colony areas in condi-

tions with and without the membrane (p-value > 0.08 by two-sided Wilcoxon signed-rank

test).

Discussion

We devised an in vitro experimental framework that allows for the semi-automated assessment

of pairwise interactions between microbes grown in vitro. We demonstrate our framework on

a set of five representative lung bacterial species. We identified several growth-altering interac-

tions in both control and BaP conditions, and significantly, we saw that the nature of at least

one observed interaction was significantly different between the two conditions, indicating

that interspecies interactions are altered by the presence of BaP.
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Our pipeline includes a novel stamping mechanism for standardizing colony sizes, com-

bined with quantitative image analysis (Fig 1 and Fig A in S1 Supplemental Material). We

incorporated the open-source image analysis software CellProfiler into our workflow to

increase throughput and quantify interactions [15]. Our methodology allows for automated,

quantitative measurements of colony attributes whereas previous research using similar tech-

niques has relied on manual observations [17]. For this work, we chose to focus on colony area

Fig 4. Interactions between species are context-dependent. A—B Heat maps indicate the fold change in colony area during

pairwise growth with respect to growth alone. Fold changes in colony area are shown for the species in the columns. The species

along the rows are those which influenced the growth of the species in the columns. Statistically significant changes in colony

areas are indicated by yellow stars (p-value < 0.05 by two-sided Wilcoxon signed-rank test corrected by FDR). A. Fold changes in

colony area in control media. S. aureus grows significantly less when grown next to P. aeruginosa PA01, and P. aeruginosa PA01

grows significantly less when paired with P. aeruginosa PA14. B. Fold changes in colony area in BaP media. Only one interaction

is statistically significant in this context, and it is an interaction that was also observed in the control condition. C. Panel A

subtracted from panel B. The difference in fold change is an indication of how different the interactions are in the two conditions.

Statistical significance was determined by two-sided Wilcoxon signed-rank test on the fold change data for each interaction, and

then FDR corrected. Only one interaction was significantly changed between the two conditions. P. aeruginosa PA01 grew more

when paired with H. influenzae in control media, but grew less in BaP media. Some interactions were essentially identical

between the two conditions (e.g. P. aeruginosa PA01 grows less when paired with P. aeruginosa PA14, regardless of the

presence of BaP), and others were changed, if not in a statistically significant way (e.g. P. aeruginosa PA01 grows more when

paired with H. parainfluenzae in control media, but less in BaP media). D. An illustration of the BaP-dependent interactions

between H. influenzae and P. aeruginosa PA01. We put question marks beside the interactions which are observed but not

statistically significant. Note the representation of the hypothesis that BaP causes H. influenzae to switch from a positive to a

negative influence on P. aeruginosa PA01.

https://doi.org/10.1371/journal.pone.0164919.g004
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as an indicator of interaction strength. Colony area is a function of both growth rate and dura-

tion. We assume that a bacterial colony will grow more slowly and/or stop growing earlier

when the cells are under stress (due to a negative interaction with a neighboring species) [18].

Similarly, we assume that a colony will grow faster and/or longer if it is participating in a bene-

ficial interaction. It should be noted that there is some variation in the initial inoculation den-

sity, which can influence the final colony area. For this reason, it is important to include

sufficient experimental replicates. We chose to use single colony growth as a control represent-

ing an absence of any interaction. We compared single colony growth to double colony growth

in which a species was paired with itself (Fig B in S1 Supplemental Material). This paired-with-

self growth is a control representing perfect metabolic and spatial competition. Under these

specific conditions, we found that single and paired-with-self growth were statistically the

same. However, in future experiments, both controls can be used to benchmark interactions

with other species.

While the workflow does not give much insight into the mechanism of the interaction, the

use of a semi-permeable membrane allows the experiment to discriminate between contact-

dependent and—independent interactions. Contact-dependent interactions would require

cells to come into physical contact, as when toxins are injected into neighboring cells via pro-

tein secretion systems [19]. Contact-independent interactions act over a distance, and are

responsible for the majority of the interactions observed in this study since generally the colo-

nies were not physically interacting. Potential diffusion-based causes of interactions include

(but are not limited to) metabolic competition, cross-feeding, signaling, or toxin-mediated

interactions [20,21].

In this study we observed many interspecies interactions, some of which have never been

reported in the literature. BaP is a carcinogen present in cigarettes, which we added to the

media at concentrations higher than that likely found in the lung after smoking. However, the

specific concentration matters less than the overall outcome that changes in chemical context

influence the nature and strength of interspecies microbial interactions. In both control and

BaP conditions neighboring species grew less when paired with P. aeruginosa PA14 (and to a

lesser extent, PA01; Fig 3). One contributing factor is that P. aeruginosa PA14 and PA01 colo-

nies were enormous (Fig 2), suggesting that these two species utilized nutritional resources

more rapidly than neighboring species could access them. It is also known that many species

of P. aeruginosa excrete molecules that broadly inhibit growth among neighboring species,

including S. aureus and Haemophilus species [17,22,23]. We also observed that both H. influen-
zae and H. parainfluenzae promote growth of P. aeruginosa PA01 (and to a lesser extend

PA14), an interaction which to our knowledge has never been reported before (Fig 4A),

highlighting the utility of our approach for identifying relevant and novel interspecies

interactions.

An interesting outcome was the sensitivity of the observed interactions to the presence of

BaP. In the control condition, P. aeruginosa PA01 growth was enhanced when paired with H.

influenzae, while in the presence of BaP, P. aeruginosa PA01 growth was inhibited when paired

with H. influenzae, completely reversing the nature of the interaction (Fig 4D). While this

reversed interaction was the most dramatic observation, many interactions changed in nature

or intensity to some extent, if not statistically significantly (Fig 4C). It is remarkable that the

addition of a single chemical could so drastically alter elements of the interaction network,

which has important implications in the context of human health where the effect of pharma-

ceuticals on the human microbiota are rarely understood [24]. There is growing evidence that

microbial interactions are not fixed, but are context-dependent and in continuous feedback

with the local chemical backdrop [17,25,26]. Computationally, it has been shown that pairs of

bacterial species can be made to compete or cooperate based solely on the nutritional context
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in which they are grown [27]. The context-dependence of bacterial interactions becomes rele-

vant during attempts to predict the dynamics of important microbial communities such as the

gut microbiome. Previously, mathematical frameworks for inferring microbial interaction net-

works have been based on the assumption that interactions are fixed [10,28]. Advances in pre-

dicting and engineering community dynamics will come as we increase our understanding of

the effect of context on microbial interactions.

Future applications of our workflow can easily utilize metrics other than colony area. Read-

ily-included metrics include colony shape and color. While we did not observe visible pheno-

typic differences in this particular study, previous research suggests that shape and color can

reveal important interactions. For example, pseudomonads can exhibit a “swarming” pheno-

type which drastically alters colony shape, and Streptomyces coelicolor can produce a large vari-

ety of pigments which differ depending on the identity of neighboring species [29,30].

Furthermore, this method is extensible to higher order interactions between three (or more)

species, similar to previous work exploring how spatial arrangement of colonies influences

interactions [31].

The novel pipeline applied here enables faster screening of microbial interactions in vitro.

Our results derived from representative lung bacteria highlight the fact that microbial interac-

tions are dynamic and responsive to environmental perturbations. Improved tools such as

those presented here will lead to greater understanding of such interactions, and to an

increased ability to modulate them therapeutically.
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9. Stein RR, Bucci V, Toussaint NC, Buffie CG, Rätsch G, Pamer EG, et al. Ecological Modeling from

Time-Series Inference: Insight into Dynamics and Stability of Intestinal Microbiota. PLoS Comput Biol.

2013; 9: e1003388. https://doi.org/10.1371/journal.pcbi.1003388 PMID: 24348232

10. Marino S, Baxter NT, Huffnagle GB, Petrosino JF, Schloss PD. Mathematical modeling of primary suc-

cession of murine intestinal microbiota. Proc Natl Acad Sci. 2014; 111: 439–444. https://doi.org/10.

1073/pnas.1311322111 PMID: 24367073

11. Denissenko MF, Pao A, Tang M, Pfeifer GP. Preferential formation of benzo[a]pyrene adducts at lung

cancer mutational hotspots in P53. Science. 1996; 274: 430–432. PMID: 8832894

12. Erb-Downward JR, Thompson DL, Han MK, Freeman CM, McCloskey L, Schmidt LA, et al. Analysis of

the Lung Microbiome in the “Healthy” Smoker and in COPD. PLoS One. 2011; 6: e16384. https://doi.

org/10.1371/journal.pone.0016384 PMID: 21364979

13. Coleman HN, Daines DA, Jarisch J, Smith AL. Chemically Defined Media for Growth of Haemophilus

influenzae Strains. J Clin Microbiol. 2003; 41: 4408–4410. https://doi.org/10.1128/JCM.41.9.4408-

4410.2003 PMID: 12958278

14. Kaiserman MJ, Rickert WS. Carcinogens in tobacco smoke: benzo[a]pyrene from Canadian cigarettes

and cigarette tobacco. Am J Public Heal. 1992; 82: 1023–1026.

15. Lamprecht MR, Sabatini DM, Carpenter AE. CellProfiler: free, versatile software for automated biologi-

cal image analysis. Biotechniques. 2007; 42: 71–75. PMID: 17269487

16. R Core Team. R: A language and environment for statistical computing. Vienna, Austria; 2016. https://

www.r-project.org/

17. 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. https://doi.org/10.1128/JB.02006-14 PMID:

25182495

Microbial interactions responsive to context

PLOS ONE | https://doi.org/10.1371/journal.pone.0164919 March 20, 2017 10 / 11

https://doi.org/10.1038/ismej.2012.116
http://www.ncbi.nlm.nih.gov/pubmed/23051693
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
https://doi.org/10.1038/nrmicro3109
http://www.ncbi.nlm.nih.gov/pubmed/24056930
https://doi.org/10.1177/0022034513488119
http://www.ncbi.nlm.nih.gov/pubmed/23674263
https://doi.org/10.1038/nature13828
https://doi.org/10.1038/nature13828
http://www.ncbi.nlm.nih.gov/pubmed/25337874
https://doi.org/10.1128/IAI.01876-14
http://www.ncbi.nlm.nih.gov/pubmed/25156735
https://doi.org/10.1038/nrmicro2832
http://www.ncbi.nlm.nih.gov/pubmed/22796884
https://doi.org/10.1371/journal.pcbi.1003388
http://www.ncbi.nlm.nih.gov/pubmed/24348232
https://doi.org/10.1073/pnas.1311322111
https://doi.org/10.1073/pnas.1311322111
http://www.ncbi.nlm.nih.gov/pubmed/24367073
http://www.ncbi.nlm.nih.gov/pubmed/8832894
https://doi.org/10.1371/journal.pone.0016384
https://doi.org/10.1371/journal.pone.0016384
http://www.ncbi.nlm.nih.gov/pubmed/21364979
https://doi.org/10.1128/JCM.41.9.4408-4410.2003
https://doi.org/10.1128/JCM.41.9.4408-4410.2003
http://www.ncbi.nlm.nih.gov/pubmed/12958278
http://www.ncbi.nlm.nih.gov/pubmed/17269487
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1128/JB.02006-14
http://www.ncbi.nlm.nih.gov/pubmed/25182495
https://doi.org/10.1371/journal.pone.0164919


18. Hibbing ME, Fuqua C, Parsek MR, Peterson SB. Bacterial competition: surviving and thriving in the

microbial jungle. Nat Rev Microbiol. 2010; 8: 15–25. https://doi.org/10.1038/nrmicro2259 PMID:

19946288

19. Hayes CS, Koskiniemi S, Ruhe ZC, Poole SJ, Low DA. Mechanisms and Biological Roles of Contact-

Dependent Growth Inhibition Systems. Cold Spring Harb Perspect Med. 2014; 4: a010025–a010025.

https://doi.org/10.1101/cshperspect.a010025 PMID: 24492845

20. Garbeva P, Hordijk C, Gerards S, de Boer W. Volatile-mediated interactions between phylogenetically

different soil bacteria. Front Microbiol. 2014; 5.

21. Blom H, Katla T, Hagen BF, Axelsson L. A model assay to demonstrate how intrinsic factors affect diffu-

sion of bacteriocins. Int J Food Microbiol. 1997; 38: 103–9. Available: http://www.ncbi.nlm.nih.gov/

pubmed/9506275 PMID: 9506275

22. Tashiro Y, Yawata Y, Toyofuku M, Uchiyama H, Nomura N. Interspecies Interaction between Pseudo-

monas aeruginosa and Other Microorganisms. Microbes Environ. 2013; 28: 13–24. https://doi.org/10.

1264/jsme2.ME12167 PMID: 23363620

23. Riley T V., Hoffman DC. Interference with Haemophilus influenzae growth by other microorganisms.

FEMS Microbiol Lett. 1986; 33: 55–58.

24. Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics Shape the Physiology and Gene Expression of the

Active Human Gut Microbiome. Cell. 2013; 152: 39–50. https://doi.org/10.1016/j.cell.2012.10.052

PMID: 23332745

25. Lawrence D, Fiegna F, Behrends V, Bundy JG, Phillimore AB, Bell T, et al. Species Interactions Alter

Evolutionary Responses to a Novel Environment. PLoS Biol. 2012; 10: e1001330. https://doi.org/10.

1371/journal.pbio.1001330 PMID: 22615541

26. de Muinck EJ, Stenseth NC, Sachse D, vander Roost J, Rønningen KS, Rudi K, et al. Context-Depen-

dent Competition in a Model Gut Bacterial Community. PLoS One. 2013; 8: e67210. https://doi.org/10.

1371/journal.pone.0067210 PMID: 23922635

27. Klitgord N, SegrèD. Environments that Induce Synthetic Microbial Ecosystems. PLoS Comput Biol.

2010; 6: e1001002. https://doi.org/10.1371/journal.pcbi.1001002 PMID: 21124952

28. Steinway SN, Biggs MB, Loughran TP, Papin JA, Albert R. Inference of Network Dynamics and Meta-

bolic Interactions in the Gut Microbiome. PLOS Comput Biol. 2015; 11: e1004338. https://doi.org/10.

1371/journal.pcbi.1004338 PMID: 26102287

29. Morris JD, Hewitt JL, Wolfe LG, Kamatkar NG, Chapman SM, Diener JM, et al. Imaging and Analysis of

Pseudomonas aeruginosa Swarming and Rhamnolipid Production. Appl Environ Microbiol. 2011; 77:

8310–8317. https://doi.org/10.1128/AEM.06644-11 PMID: 21984238

30. Traxler MF, Watrous JD, Alexandrov T, Dorrestein PC, Kolter R. Interspecies interactions stimulate

diversification of the Streptomyces coelicolor secreted metabolome. MBio. 2013; 4.

31. Harcombe WR, Riehl WJ, Dukovski I, Granger BR, Betts A, Lang AH, et al. Metabolic resource alloca-

tion in individual microbes determines ecosystem interactions and spatial dynamics. Cell Rep. 2014; 7:

1104–15. https://doi.org/10.1016/j.celrep.2014.03.070 PMID: 24794435

Microbial interactions responsive to context

PLOS ONE | https://doi.org/10.1371/journal.pone.0164919 March 20, 2017 11 / 11

https://doi.org/10.1038/nrmicro2259
http://www.ncbi.nlm.nih.gov/pubmed/19946288
https://doi.org/10.1101/cshperspect.a010025
http://www.ncbi.nlm.nih.gov/pubmed/24492845
http://www.ncbi.nlm.nih.gov/pubmed/9506275
http://www.ncbi.nlm.nih.gov/pubmed/9506275
http://www.ncbi.nlm.nih.gov/pubmed/9506275
https://doi.org/10.1264/jsme2.ME12167
https://doi.org/10.1264/jsme2.ME12167
http://www.ncbi.nlm.nih.gov/pubmed/23363620
https://doi.org/10.1016/j.cell.2012.10.052
http://www.ncbi.nlm.nih.gov/pubmed/23332745
https://doi.org/10.1371/journal.pbio.1001330
https://doi.org/10.1371/journal.pbio.1001330
http://www.ncbi.nlm.nih.gov/pubmed/22615541
https://doi.org/10.1371/journal.pone.0067210
https://doi.org/10.1371/journal.pone.0067210
http://www.ncbi.nlm.nih.gov/pubmed/23922635
https://doi.org/10.1371/journal.pcbi.1001002
http://www.ncbi.nlm.nih.gov/pubmed/21124952
https://doi.org/10.1371/journal.pcbi.1004338
https://doi.org/10.1371/journal.pcbi.1004338
http://www.ncbi.nlm.nih.gov/pubmed/26102287
https://doi.org/10.1128/AEM.06644-11
http://www.ncbi.nlm.nih.gov/pubmed/21984238
https://doi.org/10.1016/j.celrep.2014.03.070
http://www.ncbi.nlm.nih.gov/pubmed/24794435
https://doi.org/10.1371/journal.pone.0164919

