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Abstract

Almost every ecosystem on this planet is teeming with microbial communities made of diverse bacterial species. At a reductionist 
view, many of these bacteria form pairwise interactions, but, as the field of view expands, the neighboring organisms and the 
abiotic environment can play a crucial role in shaping the interactions between species. Over the years, a strong foundation of 
knowledge has been built on isolated pairwise interactions between bacteria, but now the field is advancing toward understanding 
how cohabitating bacteria and natural surroundings affect these interactions. Use of bottom-up approaches, piecing communities 
together, and top-down approaches that deconstruct communities are providing insight on how different species interact. In 
this review, we highlight how studies are incorporating more complex communities, mimicking the natural environment, and 
recurring findings such as the importance of cooperation for stability in harsh environments and the impact of bacteria-induced 
environmental pH shifts. Additionally, we will discuss how omics are being used as a top-down approach to identify previously 
unknown interspecies bacterial interactions and the challenges of these types of studies for microbial ecology.
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Introduction
Over the past several decades, it has become clear that  
microbial interactions have a profound impact in the fields 
of human health (e.g. oral health1), environmental nutrient  
cycling2,3, and bioremediation (i.e. breakdown of industrial  
waste4). The foundation of interspecies interactions research 
focuses on pairs of species, whose actions have a bidirectional 
or unidirectional influence on each other5. Although there are 
likely many unknown forms of bacterial interaction, a major-
ity of those described fall within two categories, competitive or  
cooperative. Competitive interactions occur between species  
that desire the same nutrients or spatial location. Competing  
bacteria utilize several mechanisms to outperform their 
competitor(s), including use of superior resource acquisi-
tion mechanisms, rapid nutrient utilization, coordinated social  
behavior among related individuals, increased motility toward 
a resource, or impairment/killing of their competitor(s)6,7.  
Cooperation benefits the interacting partners and includes  
metabolic exchange of a species’ waste or public goods (i.e. 
cross-feeding and syntrophy), protection, and environmental  
detoxification8–10. More recently, habitat modification has 
emerged as a major means of competitive and cooperative inter-
actions by shifting environmental parameters (e.g. pH, nutrient  
concentration) to suboptimal ranges or by stabilizing them11,12. 
Both competition and cooperation can lead to the emergence or  
decline of species; however, when and where the various types 
of interaction occur depend on the particular circumstances.  
In this review, we will focus on the interactions that play a role 
in the establishment and maintenance of a core functional  
community as opposed to random interactions that occur  
outside the context of a community.

In order to investigate how bacterial species in a society  
interact either physically or chemically, scientific studies must 
rationally recapitulate some aspect of the community. To date,  
most interspecies studies have been carried out in laboratory  
conditions that lack many aspects of the natural environment. 
These studies have been instrumental in establishing mechanisms  
of interspecies interactions and the fundamental capacity of 
bacteria to interact. More recent work has aimed to confirm  
and expand on these results by using conditions that more 
closely mimic those of the natural environment1,12–16. Using  
these experimental systems, researchers are revisiting general  
ecological questions such as the following: how does the  
surrounding community or physical environment (e.g. nutrients, 
spatial structure) affect an interaction between two species? At 
what spatial scale should experiments be carried out? How close  
do bacteria have to be to interact? And can omics methods tell 
us which bacteria are interacting? These questions have not 
fully been answered, but the studies detailed in this review are  
beginning to shed light on the emerging methods and trends in  
the study of diverse communities and dynamic environments.

Mimicking nature’s complexity
Having gained considerable insight into how different species  
interact, the next question to ask is how these interactions 

are affected in a native environment. To more closely mimic  
natural habitats, scientists are adding naturally cohabitating  
bacteria and using media that resemble the bacteria’s native 
habitats. Incorporating these techniques has shown that both 
“who” and “what” are around can impact the extent of bacterial  
relations.

There is bacteria all around
To date, most methods of community incorporation have relied 
on sequencing studies14,17,18 to identify commonly co-occurring  
organisms that are then selectively added to generate a smaller  
community called a “microcosm”. Community member selec-
tions may be biased by ease, interest, scale19, inability to culture  
community members20, exclusion of low-abundance but  
high-impact bacteria21, or misleading sequencing data22. To  
address the issue of biased data, several initiatives have  
generated standardized controls for metagenomic studies, which 
we support for the validation of existing and new protocols. 
An alternative to bottom-up methods, which piece together a 
microbial community, are systems using membrane-separated  
compartments15,23 or dialysis tubing24 that allow for experiments 
to be carried out with the natural consortia. Regardless of the  
community incorporation technique used, there are several  
implications of having additional species in an experimental  
environment. More species increase the possibility for horizon-
tal transfer of genetic materials25, altered spatial organization26, 
overall habitat modification27, and even altered evolutionary  
trajectories28. Additionally, not only are bacterial species 
being added but so are the bacteriophages they carry and the  
membrane vesicles they generate29,30. These changes all can  
affect interactions, which has led researchers to examine if  
and when pairwise interactions are scalable.

Microcosm experiments have found that individual pairwise  
interactions are often consistent across community complexity,  
indicating that bottom-up approaches incorporating progres-
sively more community members are largely, but not always,  
valid12–14,18 (Figure 1). Three-organism experiments are shed-
ding light on why some interactions are not scalable. Addition  
of a third-party organism to a two-membered community has 
shown that 1) the strength of pairwise interactions can be  
affected13,31–33, 2) the interactions can be modified to form 
a multi-way relationship31,32, and 3) environmental changes  
indirectly change bacterial behavior or the abundance of  
participating species13,14,33. Because the presence and strength of 
an interaction can have a broad effect on a community, studies 
using a complex community provide insight on the importance of  
an interaction in an ecosystem. This does not mean pairwise  
interaction studies are less valuable because they allow us to 
understand the fundamental capacity of bacteria to interact. Pair-
wise studies also aid in identifying features such as the genes  
responsible for interactions, metabolites made or consumed, 
and proximity requirements for an interaction. The knowl-
edge gained in pairwise interaction can then be leveraged in  
bottom-up studies to interrogate the role in complex communi-
ties. Reciprocally, the increased use of more complex studies is  
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advancing our knowledge of bacterial interaction networks that 
can fuel new avenues of investigation to be studied at smaller  
scales (Figure 1).

The environment impacts bacterial interaction
Unlike multicellular organisms, which have mechanisms to 
maintain their homeostasis in a changing environment, microbe 

physiology is more context specific and so are their  
interactions4,34–36. Many studies have found that the media used 
in an experiment affects interactions13,33,37, highlighting the 
need to recapitulate not only the community but also the abiotic  
environment. Furthermore, using transcriptomes, several studies 
have shown that bacterial behavior in the laboratory is not  
consistent with the behavior in a natural in situ environment38,39.  

Figure 1. Interspecies interaction knowledge fuels bidirectional studies across scales.
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Aiming to more accurately replicate native environments,  
several new model systems have been developed, including artifi-
cial urine media40 for an investigation into polymicrobial urinary  
tract infections, complex skin organoids for skin-community 
colonization41, the inclusion of food-grade fibers in a gut  
model42, as well as several systems facilitating cultivation in 
native environments15,16. These models, based on researcher  
rationale, are likely superior models, but without validation it 
is unclear how they compare to the native environment. Studies 
comparing bacterial gene expression in a model to environmental  
samples offer an opportunity to iteratively improve model  
components like nutrient levels, pH, and amino acid presence, 
allowing for more accurate recapitulation of interactions that  
occur in nature39,43,44. This point also highlights a lack of ration-
ale for the use of general laboratory media when trying to draw  
conclusions about the natural environment. Media selection  
justification should not be a biased topic and not restricted to  
new models. Often studies focused on basic bacterial physiol-
ogy do not provide justification even if the media was rationally  
selected for a defined reason (i.e. to support fast growth). We 
employ that justification for media selection, and the limitations  
introduced by media should be clearly stated, especially if they 
are not chemically consistent (e.g. contains yeast extract or  
tryptone which vary between batches).

Environmental components are important to consider because  
both nutrient level13 and the type of nutrients present4 can play 
a large role in dictating social interactions. In some exam-
ples, increased nutrient availability strongly promoted bacterial  
competition, causing changes in the overall biodiversity13,37.  
When an eight-species soil community was given high levels 
of nutrients, extensive growth led to more environmental modi-
fication, increased negative interspecies interactions, and loss 
of biodiversity in the community13. Similar results were found 
with a four-species community used in bioremediation. These 
microbes showed only positive or neutral interactions in a stressful 
environment; however, upon nutrient addition or reduction 
of toxicity, competition increased37. The correlation between  
stress and cooperation is consistent with the stress-gradient 
hypothesis originally described in 1997 noting that “positive 
interactions may be common, predictable, and pervasive forces 
in natural communities and in physically harsh environments in  
particular”45. Regardless of whether an interaction is coop-
erative or competitive, most of the known forms of interactions  
are mediated through environmental chemical modification by  
bacteria and are dependent on the environment used in an  
experiment.

Habitat modification is a growing field
In bacterial ecology, there is a growing interest in the milieu 
of a community. Along with the long-standing study of  
cross-feeding, pH is gaining interest as more studies find that 
it plays a major role in community composition and stability. 
Both metabolite usage and pH range are increasingly becom-
ing reliable predictors of interactions, as we will discuss in  
this section.

Feeding your neighbors
Nutrient cross-feeding refers to the catabolism of a bacterium’s 
secreted products by another bacterium. Microbial cross-feeding 
is a widespread phenomenon46 that can alter community  
composition17, structure4,26, evolution47,48, virulence49,50, and anti-
biotic susceptibility27,51,52. Because cross-feeding often fulfills 
a metabolic requirement, genomic data are increasingly being 
used to identify the basic metabolic needs of a species and  
to predict social interactions33,53,54. For example, co-abundance  
and metabolic requirements were extrapolated to reveal that oral 
interactions were predominately cooperative53. One issue faced 
with predictive models is the lack of knowledge on metabo-
lite preference in communities and hierarchal use of nutrients,  
which is addressed by Bajic and Sanchez55.

Aside from the growing use in predictive models, cross-feeding  
has been shown to promote community member survival under 
antibiotic exposure27,51. Cross-feeding also leads to the death 
of community members when metabolic dependencies are  
present and cooperative interactions are lost owing to antibi-
otic killing of the most susceptible member51,56. Consistent with 
the findings detailed above showing cooperative interactions in 
harsh environments, a study showed that cross-feeding led to  
stabilization of the species when in low-nutrient environments 
in vitro and in the gnotobiotic mouse gut57. Together, these  
findings highlight a recurrent paradigm that low nutrients can 
promote cooperative interspecies cross-feeding, resulting in  
community stabilization. Upon the addition of nutrients, some 
cooperative relationships are lost, and the community composi-
tion changes based on fitness levels and environmental modifica-
tion (i.e. pH). In these events, it is likely that not all cross-feeding  
interactions are lost unless all metabolic requirements are  
alleviated or organisms change their metabolic preference upon 
the addition of nutrients.

The impact of pH
The role of environmental pH shifts is a prominent topic in 
the study of interspecies interactions. The summation of pH 
changes by the community dictates the fate of community  
members33. For example, opposing pH shifts by bacteria can be  
considered a positive interaction because the resulting pH  
stabilization promotes community synergy11, while pH manip-
ulation by a transient invader can influence the stable state 
of a competing two-member system12. Shifts in pH can also  
modulate the antimicrobial tolerance of cohabitating species27.  
Environmental pH can affect not only the bacteria but also  
chemicals as well. It is still unclear if the change in the  
chemical affects chemical–microbe interaction or the interaction  
is a result of the change in bacterial behavior alone.

Outside of the laboratory, pH has been shown to be a major  
driver of community composition58 and diversity59 in natural 
soil samples. One of the many explanations for the strong role 
of pH is that it affects energy yields of microbial respiration,  
giving rise to pH limitations on community membership60.  
Using a species’ metabolic properties, pH preferences, and 
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strength of environmental modifications, interspecies interactions,  
community membership, and community stability have been  
shown to be predictable33. The next question is if other factors 
such as oxygen, metabolite concentrations, or broad environ-
mental parameters like precipitation/wetness in soil communities 
can just as easily be predictable parameters for community 
composition and interspecies interaction. Additionally, a  
parameter that should be strongly considered in future studies is  
the scale at which these parameters are predictive, as interactions 
can vary across the spatial-temporal landscape.

Spatial structure
A long-standing question is how close bacteria have to be to  
interact. Overall, the literature shows that interactions occur 
in short ranges with neighbors61,62. Some types of interactions 
are intimate and require cell-to-cell contact, while diffusible  
chemicals have larger ranges, which increase based on their  
physiochemical properties (e.g. volatility). A possible mechanism 
of long-range interaction is extracellular electron transfer, where  
bacteria can donate or accept electrons from the environment 
at distances up to 1 cm via surface-attached pili or environ-
mental conductive materials63,64. Extracellular electron transfer 
may serve as a novel mechanism of interspecies interaction;  
however, more work is needed in this area of research. Using the  
information gained on distance requirements for specific types 
of interactions, mechanisms of interspecies interactions can be  
speculated by knowing the average distance between two  
species. It is also possible that a ripple effect of multiple  
interacting species can dictate spatial organization.

Because different types of interaction occur at different scales 
and distances, the use of multiple techniques is often necessary  
to investigate interspecies interactions. For example, the use 
of micro-scale bioprinting of microbial colonies demonstrates  
that metabolite sharing between species is distance dependent 
and adding a competitor adjacent to or in the path of metabolite  
diffusion can curtail metabolite cross-feeding65. Perturbations 
in microsite colonization correlated to changes in metatran-
scriptomics have been used to identify distinct competition and  
cooperation interactions occurring during spatial organization 
that facilitate biomass expansion26. Use of electron topography 
and fluorescence transmission electron microscopy proved that  
Clostridium ljungdahlii and Clostridium acetobutylicum in 
close proximity can undergo interaction that involves cell wall  
fusion, allowing for large-scale protein and RNA exchange66.

As you might expect, adding just one species to a system or  
altering the environment (i.e. oxygen) can markedly change  
the community’s spatial architecture likely as a result of adapta-
tion to newly developed niches67,68. These studies indicated that 
model systems can be improved through an iterative process  
by comparing community organization in the lab to a real-world 
community. Further insight into natural community arrange-
ment has been afforded by advances in imaging, particularly  
combinatorial labeling fluorescence in situ hybridization tech-
niques coupled with microscopy69–73. One of the technical  
gaps in spatial ecology is connecting visual observations with 
mechanisms. Two newer avenues that can be used to address  

this knowledge gap are Raman spectroscopy and imaging mass 
spectrometry, which allow for visualization of cells and cor-
responding assessment of the chemical topography at high  
resolution69,74. Additionally, next-generation approaches have 
been proposed that combine phenotype probing and observation  
before endpoint assays such as omics to allow for mechanistic 
insights into the spatial organization of a community75.

The continuing rise of omics
The use of omics techniques has played a critical role in  
understanding bacterial interactions, and, as the technologies 
continue to improve and costs decrease, we anticipate these  
techniques will factor more prominently. The most frequently  
used omics approaches provide an assessment of who is present 
in a community (ribosomal RNA gene amplicon sequencing,  
metagenomics, and metatranscriptomics), what they can do 
(metagenomics76), and what they are doing (metatranscriptomics34, 
metaproteomics4, and metabolomics67). Beyond these techniques, 
transposon-insertion sequencing (Tn-seq) has been shown  
to be a high-throughput method to study interactions between  
species77,78. When carried out on wound and oral communi-
ties, Tn-seq found that previously non-essential genes become 
essential when an organism is co-cultured with another  
species77,78.

The use of omics has been particularly helpful in complex  
communities where multiple interactions are taking place. As 
a top-down method, omics are being used to infer interactions  
between species through network analyses. Often used for  
human social and protein interactions, network methods rely 
on the probability of bacterial species co-occurring to infer  
cooperation via positive correlation and competition via nega-
tive correlation40,53 (Figure 2A). Network analysis is also being  
expanded to include metabolite transport and usage79–81 or 
gene expression from multiple species82 to aid in mechanism  
identification (Figure 2B). Although these methods are proving to 
be very useful, more work is needed to address varied accuracy 
between available data analysis tools, difficulty inferring some 
interaction types, particularly complex oscillating interactions 
(e.g. predator versus prey), and limited use for low-abundance 
organisms that have a strong impact in the community21,83. 
Owing to the correlative nature of network interaction, the  
complexity and non-linear dynamics of communities inferring 
interactions from covariance should be viewed with skepticism 
until coupling with empirical data to prove interactions (i.e. colo-
calization, stable isotope labeling, and co-culturing assays)84,85. 
This is illustrated by recent papers incorporating  known metabo-
lite transport, usage, and production with species co-occurrence 
into a network and finding both known and yet-to-be-confirmed  
interactions (Figure 2C)80,81. Although there is skepticism in 
interpreting novel network data and necessary improvements in  
microbial ecology analysis techniques are necessary, network 
methodologies are allowing scientists to better understand  
complex multispecies communities.

More frequently, studies are using a multi-omics approach  
that incorporates data on factors such as bacterial abundance, 
transcriptomics, proteomics, or metabolomics to elucidate 
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Figure 2. Flavors of network analyses used to infer bacteria interaction. Depending on the analysis, (A) one or (B) more types of nodes 
may be incorporated (i.e. bacteria, metabolites, genes, etc.). Edges represent the correlation, which is calculated between each node.  
(A) Often a threshold is used, and only significant co-occurrences are made visible to reduce complexity. Alternatively, all edges are shown 
(B), but with more complex networks the image becomes hard to interpret. (C) To illustrate the complexity and information gained from 
a network, work by Sung et al. is provided showing species abundance, metabolite export, and import80. This figure incorporates known 
degradation reactions and utilization with co-occurring microbes to identify interactions between species as they digest lignocellulose in 
the termite gut (reprinted under the Creative Commons Attribution 4.0 International License)81. Amycolatopsis pretoriensis, Anaerotruncus 
colihominis, Bacillus cereus, Bacteroides fragilis, Bacteroides luti, Burkholderia pseudomallei, Calidifontibacter indicus, Chitinispirillum 
alkaliphilum, Clostridium difficile, Clostridium termitidis, Cnodalon viride, Desulfotomaculum ruminis, Desulfovibrio cuneatus, Desulfovibrio 
desulfuricans, Desulfovibrio piger, Dysgonomonas macrotermitis, Ethanoligenens harbinense, Escherichia coli, Enterococcus faecalis, 
Faecalibacterium prausnitzii, Fibrobacter succinogenes, Flexilinea flocculi, Kluyvera ascorbata, Lactococcus garvieae, Lactococcus lactis, 
Mesorhizobium plurifarium, Methanobrevibacter arboriphilus, Methanobrevibacter curvatus, Methanosarcina acetivorans, Methanospirillum 
hungatei, Mycobacterium rhodesiae, Oxobacter pfennigii, Pilibacter termitis, Pseudomonas aeruginosa, Salinispora pacifica, Salmonella 
enterica, Shewanella decolorationis, Spirochaeta africana, Spirochaeta coccoides, Tannerella forsythia, Tessaracoccus flavus, Treponema 
azotonutricium, Treponema bryantii, Treponema caldarium, Treponema denticola, Treponema vicentii, Tritrichomonas foetus, Vibrio anguillarum, 
Youngiibacter fragilis.
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multi-species interaction networks and the mechanisms of  
interactions4,76. For example, metagenomics, metatranscriptom-
ics, and targeted metabolite analysis led to the identification  
of interspecies interactions involved in the environmental  
biodegradation of bisphenol A76. Combinations of multi-omics 
approaches and experimental validation are paving the 
way for the next generation of interspecies interaction  
discoveries.

Discussion
Similar to other fields in biological sciences, adapting experi-
ments to mimic the natural world is gaining traction in microbial  
ecology. Approaches mimicking complex bacterial habitats 
are showing that cohabitants and environmental factors affect 
bacterial interactions; thus, experimental data interpretation  
is limited by study design. By working with more complex  
communities, more interspecies interactions are being included,  
making it difficult to untangle the network of actions and reac-
tions by different species. The data that can be gleaned based on 
scale is a pertinent topic because the outcomes of a single inter-
action can lead to larger consequences such as microbiome  
dysbiosis and diseases such as gingivitis86, gastrointestinal  
diseases, and obesity87. The scale used in a study dictates the 
inclusion of the community, the abiotic environment, and what  
questions can be asked19,88. Several studies show that bottom-up 
approaches are useful to answer many questions12–14,18; however, 
they have several limitations and therefore community studies 
are needed before assuming that a pairwise interaction occurs 
across scales13. Reciprocally, top-down methods that rely 
on omics lack conclusive proof of an interaction and must  
be validated by small-scale studies. Likewise, the environmen-
tal system can impact interactions4,34–36,38,39,43; therefore, new 
model systems need to be validated39,43,89 and old model systems  
need to be rationalized if used.

Investigations of bacterial interactions at the community level  
have highlighted the importance of cooperative interactions and 
the role of environmental nutrients in influencing interactions  

and community stability. Competitive interactions are more often 
studied, but hopefully these recent findings will inspire more  
interest in cooperative mechanisms between species. Additionally, 
as more relevant and sophisticated experiments are performed, 
new questions arise, including the following: can metabolite  
concentrations or oxygen levels be used as predictable param-
eters of interspecies interactions? Within a community, what are 
the distinct niches and what interactions govern niche establish-
ment? Many of these questions will likely be answered with the  
help of omics-level data analysis coupled with carefully  
designed experimental systems. A significant challenge is still  
tracking the origin of interaction, particularly with chemical  
signatures. Progress in metabolomics offers more advanced and  
holistic methods for examining environmental modification 
and cross-feeding, including mass spectroscopy imaging and  
Raman methods, which have the potential to begin to indicate 
metabolite origins.

Intercalation of data from multiple omics datasets is provid-
ing an increasingly granular view of known interactions and is  
identifying unknown community-based interspecies interactions 
for further study. With this new frontier, appropriate data use  
is critical, and analysis will often need collaboration between 
subject matter experts, modelers, bioinformaticians, and  
computer scientists. Omics data can be leveraged not only by 
the originating lab but also by others, yet one out of every five 
metagenomic studies since 2016 has not been deposited into a  
repository90. The lack of commitment for open access omics 
data is stifling progress, and so we want to close by stressing  
the importance of making raw omics data open access for the  
betterment of the field.

Acknowledgements
We would like to thank Faculty Reviews for inviting us to 
write this review. We would also like to thank Dr Gina Lewin  
(Georgia Institute of Technology, USA) for her critical review  
of this manuscript.

References Faculty Opinions Recommended

1.  Diaz PI, Valm AM: Microbial Interactions in Oral Communities Mediate 
Emergent Biofilm Properties. J Dent Res. 2020; 99(1): 18–25.  
PubMed Abstract | Publisher Full Text | Free Full Text 

2.  Glassman SI, Weihe C, Li J, et al.: Decomposition responses to climate depend 
on microbial community composition. Proc Natl Acad Sci U S A. 2018; 115(47): 
11994–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

3.  Gougoulias C, Clark JM, Shaw LJ: The role of soil microbes in the global carbon 
cycle: Tracking the below-ground microbial processing of plant-derived carbon 
for manipulating carbon dynamics in agricultural systems. J Sci Food Agric. 
2014; 94(12): 2362–71.  
PubMed Abstract | Publisher Full Text | Free Full Text 

4.  Deng Y, Ruan Y, Ma B, et al.: Multi-omics analysis reveals niche and fitness 

differences in typical denitrification microbial aggregations. Environ Int. 2019; 
132: 105085.  
PubMed Abstract | Publisher Full Text 

5.  Little AEF, Robinson CJ, Peterson SB, et al.: Rules of engagement: Interspecies 
interactions that regulate microbial communities. Annu Rev Microbiol. 2008; 62: 
375–401.  
PubMed Abstract | Publisher Full Text 

6.  Granato ET, Meiller-Legrand TA, Foster KR: The Evolution and Ecology of 
Bacterial Warfare. Curr Biol. 2019; 29(11): R521–R537.  
PubMed Abstract | Publisher Full Text 

7.  Stubbendieck RM, Straight PD: Multifaceted Interfaces of Bacterial Competition. 
J Bacteriol. 2016; 198(16): 2145–55.  
PubMed Abstract | Publisher Full Text | Free Full Text 

http://www.ncbi.nlm.nih.gov/pubmed/31590609
http://dx.doi.org/10.1177/0022034519880157
http://www.ncbi.nlm.nih.gov/pmc/articles/6927214
http://www.ncbi.nlm.nih.gov/pubmed/30397146
http://dx.doi.org/10.1073/pnas.1811269115
http://www.ncbi.nlm.nih.gov/pmc/articles/6255157
http://www.ncbi.nlm.nih.gov/pubmed/24425529
http://dx.doi.org/10.1002/jsfa.6577
http://www.ncbi.nlm.nih.gov/pmc/articles/4283042
http://www.ncbi.nlm.nih.gov/pubmed/31415965
http://dx.doi.org/10.1016/j.envint.2019.105085
http://www.ncbi.nlm.nih.gov/pubmed/18544040
http://dx.doi.org/10.1146/annurev.micro.030608.101423
http://www.ncbi.nlm.nih.gov/pubmed/31163166
http://dx.doi.org/10.1016/j.cub.2019.04.024
http://www.ncbi.nlm.nih.gov/pubmed/27246570
http://dx.doi.org/10.1128/JB.00275-16
http://www.ncbi.nlm.nih.gov/pmc/articles/4966439


Faculty Reviews 2020 9:(23)Faculty Opinions

8.  Damore JA, Gore J: Understanding microbial cooperation. J Theor Biol. 2012; 
299: 31–41.  
PubMed Abstract | Publisher Full Text | Free Full Text 

9.   Hibbing ME, Fuqua C, Parsek MR, et al.: Bacterial competition: Surviving 
and thriving in the microbial jungle. Nat Rev Microbiol. 2010; 8(1): 15–25.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

10.  Cavaliere M, Feng S, Soyer OS, et al.: Cooperation in microbial communities and 
their biotechnological applications. Environ Microbiol. 2017; 19(8): 2949–63.  
PubMed Abstract | Publisher Full Text | Free Full Text 

11.  Herschend J, Koren K, Røder HL, et al.: In Vitro Community Synergy between 
Bacterial Soil Isolates Can Be Facilitated by pH Stabilization of the 
Environment. Appl Environ Microbiol. 2018; 84(21): e01450-18.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12.   Amor DR, Ratzke C, Gore J: Transient invaders can induce shifts between 
alternative stable states of microbial communities. Sci Adv. 2020; 6(8): 
eaay8676.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

13.  Ratzke C, Barrere J, Gore J: Strength of species interactions determines 
biodiversity and stability in microbial communities. Nat Ecol Evol. 2020; 4(3): 
376–83.  
PubMed Abstract | Publisher Full Text 

14.  Friedman J, Higgins LM, Gore J: Community structure follows simple assembly 
rules in microbial microcosms. Nat Ecol Evol. 2017; 1(5): 109.  
PubMed Abstract | Publisher Full Text 

15.  Chaudhary DK, Khulan A, Kim J: Development of a novel cultivation technique 
for uncultured soil bacteria. Sci Rep. 2019; 9(1): 6666.  
PubMed Abstract | Publisher Full Text | Free Full Text 

16.  Lambert BS, Raina JB, Fernandez VI, et al.: A microfluidics-based in situ 
chemotaxis assay to study the behaviour of aquatic microbial communities. 
Nat Microbiol. 2017; 2(10): 1344–1349.  
PubMed Abstract | Publisher Full Text 

17.  Morgan BG, Warren P, Mewis RE, et al.: Bacterial dominance is due to effective 
utilisation of secondary metabolites produced by competitors. Sci Rep. 2020; 
10(1): 2316.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18.  Venturelli OS, Carr AC, Fisher G, et al.: Deciphering microbial interactions in 
synthetic human gut microbiome communities. Mol Syst Biol. 2018; 14(6): 
e8157.  
PubMed Abstract | Publisher Full Text | Free Full Text 

19.  Ladau J, Eloe-Fadrosh EA: Spatial, Temporal, and Phylogenetic Scales of 
Microbial Ecology. Trends Microbiol. 2019; 27(8): 662–9.  
PubMed Abstract | Publisher Full Text 

20.  Bor B, Collins AJ, Murugkar PP, et al.: Insights Obtained by Culturing 
Saccharibacteria With Their Bacterial Hosts. J Dent Res. 2020; 99(6): 685–94. 
PubMed Abstract | Publisher Full Text | Free Full Text 

21.  Benjamino J, Lincoln S, Srivastava R, et al.: Low-abundant bacteria drive 
compositional changes in the gut microbiota after dietary alteration. 
Microbiome. 2018; 6(1): 86.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22.  Starke R, Jehmlich N, Alfaro T, et al.: Incomplete cell disruption of resistant 
microbes. Sci Rep. 2019; 9(1): 5618.  
PubMed Abstract | Publisher Full Text | Free Full Text 

23.  Nichols D, Cahoon N, Trakhtenberg EM, et al.: Use of ichip for high-throughput in 
situ cultivation of “uncultivable” microbial species. Appl Environ Microbiol. 2010; 
76(8): 2445–50.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24.  Buchberger F, Stockenreiter M: Unsuccessful invaders structure a natural 
freshwater phytoplankton community. Ecosphere. 2018; 9(3): e02158.  
Publisher Full Text 

25.  Li L, Dechesne A, Madsen JS, et al.: Plasmids persist in a microbial community 
by providing fitness benefit to multiple phylotypes. ISME J. 2020; 14(5):  
1170–81.  
PubMed Abstract | Publisher Full Text | Free Full Text 

26.  Liu W, Jacquiod S, Brejnrod A, et al.: Deciphering links between bacterial 
interactions and spatial organization in multispecies biofilms. ISME J. 2019; 
13(12): 3054–66.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27.   Aranda-Díaz A, Obadia B, Dodge R, et al.: Bacterial interspecies interactions 
modulate pH-mediated antibiotic tolerance. eLife. 2020; 9: e51493.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

28.   Scheuerl T, Hopkins M, Nowell RW, et al.: Bacterial adaptation is constrained 
in complex communities. Nat Commun. 2020; 11(1): 754.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

29.  Tashiro Y, Hasegawa Y, Shintani M, et al.: Interaction of Bacterial Membrane 
Vesicles with Specific Species and Their Potential for Delivery to Target Cells. 
Front Microbiol. 2017; 8: 571.  
PubMed Abstract | Publisher Full Text | Free Full Text 

30.  Treerat P, Redanz U, Redanz S, et al.: Synergism between Corynebacterium and 
Streptococcus sanguinis reveals new interactions between oral commensals. 
ISME J. 2020; 14(5): 1154–69.  
PubMed Abstract | Publisher Full Text | Free Full Text 

31.  Grilli J, Barabás G, Michalska-Smith MJ, et al.: Higher-order interactions stabilize 
dynamics in competitive network models. Nature. 2017; 548(7666): 210–3.  
PubMed Abstract | Publisher Full Text 

32.   Levine JM, Bascompte J, Adler PB, et al.: Beyond pairwise mechanisms of 
species coexistence in complex communities. Nature. 2017; 546(7656): 56–64. 
PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation 

33.  Ratzke C, Gore J: Modifying and reacting to the environmental pH can drive 
bacterial interactions. PLoS Biol. 2018; 16(3): e2004248.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34.  Khan N, Maezato Y, McClure RS, et al.: Phenotypic responses to interspecies 
competition and commensalism in a naturally-derived microbial co-culture. Sci 
Rep. 2018; 8(1): 297.  
PubMed Abstract | Publisher Full Text | Free Full Text 

35.  Dal Bello M, Rindi L, Benedetti-Cecchi L: Temporal clustering of extreme climate 
events drives a regime shift in rocky intertidal biofilms. Ecology. 2019; 100(2): 
e02578.  
PubMed Abstract | Publisher Full Text 

36.  Tropini C, Moss EL, Merrill BD, et al.: Transient Osmotic Perturbation Causes 
Long-Term Alteration to the Gut Microbiota. Cell. 2018; 173(7): 1742–1754.e17.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37.   Piccardi P, Vessman B, Mitri S: Toxicity drives facilitation between 4 bacterial 
species. Proc Natl Acad Sci U S A. 2019; 116(32): 15979–84.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

38.   Deng ZL, Sztajer H, Jarek M, et al.: Worlds Apart - Transcriptome Profiles of 
Key Oral Microbes in the Periodontal Pocket Compared to Single Laboratory 
Culture Reflect Synergistic Interactions. Front Microbiol. 2018; 9: 124.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

39.  Cornforth DM, Dees JL, Ibberson CB, et al.: Pseudomonas aeruginosa 
transcriptome during human infection. Proc Natl Acad Sci U S A. 2018; 115(22): 
E5125–E5134.  
PubMed Abstract | Publisher Full Text | Free Full Text 

40.  de Vos MGJ, Zagorski M, McNally A, et al.: Interaction networks, ecological 
stability, and collective antibiotic tolerance in polymicrobial infections. Proc 
Natl Acad Sci U S A. 2017; 114(40): 10666–71.  
PubMed Abstract | Publisher Full Text | Free Full Text 

41.  Jordana-Lluch E, Garcia V, Kingdon ADH, et al.: A Simple Polymicrobial 
Biofilm Keratinocyte Colonization Model for Exploring Interactions Between 
Commensals, Pathogens and Antimicrobials. Front Microbiol. 2020; 11: 291. 
PubMed Abstract | Publisher Full Text | Free Full Text 

42.   Patnode ML, Beller ZW, Han ND, et al.: Interspecies Competition Impacts 
Targeted Manipulation of Human Gut Bacteria by Fiber-Derived Glycans. Cell. 
2019; 179(1): 59–73.e13.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

43.  Cornforth DM, Diggle FL, Melvin JA, et al.: Quantitative Framework for Model 
Evaluation in Microbiology Research Using Pseudomonas aeruginosa and 
Cystic Fibrosis Infection as a Test Case. mBio. 2020; 11(1): e03042–19.  
PubMed Abstract | Publisher Full Text | Free Full Text 

44.  Zengler K, Hofmockel K, Baliga NS, et al.: EcoFABs: Advancing microbiome 
science through standardized fabricated ecosystems. Nat Methods. 2019; 16(7): 
567–71.  
PubMed Abstract | Publisher Full Text | Free Full Text 

45.  Bertness MD, Callaway R: Positive interactions in communities. Trends Ecol Evol 
(Amst ). 1994; 9(5): 191–3.  
Publisher Full Text 

46.  D'Souza G, Shitut S, Preussger D, et al.: Ecology and evolution of metabolic 
cross-feeding interactions in bacteria. Nat Prod Rep. 2018; 35(5): 455–88. 
PubMed Abstract | Publisher Full Text 

47.  McNally CP, Borenstein E: Metabolic model-based analysis of the emergence of 
bacterial cross-feeding via extensive gene loss. BMC Syst Biol. 2018; 12(1): 69.  
PubMed Abstract | Publisher Full Text | Free Full Text 

48.  Smith NW, Shorten PR, Altermann E, et al.: The Classification and Evolution of 
Bacterial Cross-Feeding. Front Ecol Evol. 2019; 7: 1706.  
Publisher Full Text 

49.  Kuboniwa M, Houser JR, Hendrickson EL, et al.: Metabolic crosstalk regulates 
Porphyromonas gingivalis colonization and virulence during oral polymicrobial 
infection. Nat Microbiol. 2017; 2(11): 1493–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

50.  Flynn JM, Cameron LC, Wiggen TD, et al.: Disruption of Cross-Feeding Inhibits 
Pathogen Growth in the Sputa of Patients with Cystic Fibrosis. mSphere. 2020; 
5(2): e00343–20 .  
PubMed Abstract | Publisher Full Text | Free Full Text 

51.  Adamowicz EM, Flynn J, Hunter RC, et al.: Cross-feeding modulates antibiotic 
tolerance in bacterial communities. ISME J. 2018; 12(11): 2723–35.  
PubMed Abstract | Publisher Full Text | Free Full Text 

http://www.ncbi.nlm.nih.gov/pubmed/21419783
http://dx.doi.org/10.1016/j.jtbi.2011.03.008
http://www.ncbi.nlm.nih.gov/pmc/articles/3176967
https://facultyopinions.com/1473956
http://www.ncbi.nlm.nih.gov/pubmed/19946288
http://dx.doi.org/10.1038/nrmicro2259
http://www.ncbi.nlm.nih.gov/pmc/articles/2879262
https://facultyopinions.com/1473956
http://www.ncbi.nlm.nih.gov/pubmed/28447371
http://dx.doi.org/10.1111/1462-2920.13767
http://www.ncbi.nlm.nih.gov/pmc/articles/5575505
http://www.ncbi.nlm.nih.gov/pubmed/30143509
http://dx.doi.org/10.1128/AEM.01450-18
http://www.ncbi.nlm.nih.gov/pmc/articles/6193382
https://facultyopinions.com/737476892
http://www.ncbi.nlm.nih.gov/pubmed/32128414
http://dx.doi.org/10.1126/sciadv.aay8676
http://www.ncbi.nlm.nih.gov/pmc/articles/7030923
https://facultyopinions.com/737476892
http://www.ncbi.nlm.nih.gov/pubmed/32042124
http://dx.doi.org/10.1038/s41559-020-1099-4
http://www.ncbi.nlm.nih.gov/pubmed/28812687
http://dx.doi.org/10.1038/s41559-017-0109
http://www.ncbi.nlm.nih.gov/pubmed/31040339
http://dx.doi.org/10.1038/s41598-019-43182-x
http://www.ncbi.nlm.nih.gov/pmc/articles/6491550
http://www.ncbi.nlm.nih.gov/pubmed/28848238
http://dx.doi.org/10.1038/s41564-017-0010-9
http://www.ncbi.nlm.nih.gov/pubmed/32047185
http://dx.doi.org/10.1038/s41598-020-59048-6
http://www.ncbi.nlm.nih.gov/pmc/articles/7012823
http://www.ncbi.nlm.nih.gov/pubmed/29930200
http://dx.doi.org/10.15252/msb.20178157
http://www.ncbi.nlm.nih.gov/pmc/articles/6011841
http://www.ncbi.nlm.nih.gov/pubmed/31000488
http://dx.doi.org/10.1016/j.tim.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/32075512
http://dx.doi.org/10.1177/0022034520905792
http://www.ncbi.nlm.nih.gov/pmc/articles/7243422
http://www.ncbi.nlm.nih.gov/pubmed/29747692
http://dx.doi.org/10.1186/s40168-018-0469-5
http://www.ncbi.nlm.nih.gov/pmc/articles/5944116
http://www.ncbi.nlm.nih.gov/pubmed/30948770
http://dx.doi.org/10.1038/s41598-019-42188-9
http://www.ncbi.nlm.nih.gov/pmc/articles/6449382
http://www.ncbi.nlm.nih.gov/pubmed/20173072
http://dx.doi.org/10.1128/AEM.01754-09
http://www.ncbi.nlm.nih.gov/pmc/articles/2849220
http://dx.doi.org/10.1002/ecs2.2158
http://www.ncbi.nlm.nih.gov/pubmed/32020051
http://dx.doi.org/10.1038/s41396-020-0596-4
http://www.ncbi.nlm.nih.gov/pmc/articles/7174300
http://www.ncbi.nlm.nih.gov/pubmed/31455806
http://dx.doi.org/10.1038/s41396-019-0494-9
http://www.ncbi.nlm.nih.gov/pmc/articles/6864094
https://facultyopinions.com/737280711
http://www.ncbi.nlm.nih.gov/pubmed/31995029
http://dx.doi.org/10.7554/eLife.51493
http://www.ncbi.nlm.nih.gov/pmc/articles/7025823
https://facultyopinions.com/737280711
https://facultyopinions.com/737327955
http://www.ncbi.nlm.nih.gov/pubmed/32029713
http://dx.doi.org/10.1038/s41467-020-14570-z
http://www.ncbi.nlm.nih.gov/pmc/articles/7005322
https://facultyopinions.com/737327955
http://www.ncbi.nlm.nih.gov/pubmed/28439261
http://dx.doi.org/10.3389/fmicb.2017.00571
http://www.ncbi.nlm.nih.gov/pmc/articles/5383704
http://www.ncbi.nlm.nih.gov/pubmed/32020052
http://dx.doi.org/10.1038/s41396-020-0598-2
http://www.ncbi.nlm.nih.gov/pmc/articles/7174362
http://www.ncbi.nlm.nih.gov/pubmed/28746307
http://dx.doi.org/10.1038/nature23273
https://facultyopinions.com/727678335
http://www.ncbi.nlm.nih.gov/pubmed/28569813
http://dx.doi.org/10.1038/nature22898
https://facultyopinions.com/727678335
http://www.ncbi.nlm.nih.gov/pubmed/29538378
http://dx.doi.org/10.1371/journal.pbio.2004248
http://www.ncbi.nlm.nih.gov/pmc/articles/5868856
http://www.ncbi.nlm.nih.gov/pubmed/29321512
http://dx.doi.org/10.1038/s41598-017-18630-1
http://www.ncbi.nlm.nih.gov/pmc/articles/5762899
http://www.ncbi.nlm.nih.gov/pubmed/30516273
http://dx.doi.org/10.1002/ecy.2578
http://www.ncbi.nlm.nih.gov/pubmed/29906449
http://dx.doi.org/10.1016/j.cell.2018.05.008
http://www.ncbi.nlm.nih.gov/pmc/articles/6061967
https://facultyopinions.com/736129307
http://www.ncbi.nlm.nih.gov/pubmed/31270235
http://dx.doi.org/10.1073/pnas.1906172116
http://www.ncbi.nlm.nih.gov/pmc/articles/6690002
https://facultyopinions.com/736129307
https://facultyopinions.com/732733201
http://www.ncbi.nlm.nih.gov/pubmed/29467738
http://dx.doi.org/10.3389/fmicb.2018.00124
http://www.ncbi.nlm.nih.gov/pmc/articles/5807917
https://facultyopinions.com/732733201
http://www.ncbi.nlm.nih.gov/pubmed/29760087
http://dx.doi.org/10.1073/pnas.1717525115
http://www.ncbi.nlm.nih.gov/pmc/articles/5984494
http://www.ncbi.nlm.nih.gov/pubmed/28923953
http://dx.doi.org/10.1073/pnas.1713372114
http://www.ncbi.nlm.nih.gov/pmc/articles/5635929
http://www.ncbi.nlm.nih.gov/pubmed/32161578
http://dx.doi.org/10.3389/fmicb.2020.00291
http://www.ncbi.nlm.nih.gov/pmc/articles/7054238
https://facultyopinions.com/736625748
http://www.ncbi.nlm.nih.gov/pubmed/31539500
http://dx.doi.org/10.1016/j.cell.2019.08.011
http://www.ncbi.nlm.nih.gov/pmc/articles/6760872
https://facultyopinions.com/736625748
http://www.ncbi.nlm.nih.gov/pubmed/31937646
http://dx.doi.org/10.1128/mBio.03042-19
http://www.ncbi.nlm.nih.gov/pmc/articles/6960289
http://www.ncbi.nlm.nih.gov/pubmed/31227812
http://dx.doi.org/10.1038/s41592-019-0465-0
http://www.ncbi.nlm.nih.gov/pmc/articles/6733021
http://dx.doi.org/10.1016/0169-5347(94)90088-4
http://www.ncbi.nlm.nih.gov/pubmed/29799048
http://dx.doi.org/10.1039/c8np00009c
http://www.ncbi.nlm.nih.gov/pubmed/29907104
http://dx.doi.org/10.1186/s12918-018-0588-4
http://www.ncbi.nlm.nih.gov/pmc/articles/6003207
http://dx.doi.org/10.3389/fevo.2019.00153
http://www.ncbi.nlm.nih.gov/pubmed/28924191
http://dx.doi.org/10.1038/s41564-017-0021-6
http://www.ncbi.nlm.nih.gov/pmc/articles/5678995
http://www.ncbi.nlm.nih.gov/pubmed/32350096
http://dx.doi.org/10.1128/mSphere.00343-20
http://www.ncbi.nlm.nih.gov/pmc/articles/7193046
http://www.ncbi.nlm.nih.gov/pubmed/29991761
http://dx.doi.org/10.1038/s41396-018-0212-z
http://www.ncbi.nlm.nih.gov/pmc/articles/6194032


Faculty Reviews 2020 9:(23)Faculty Opinions

52.  Adamowicz EM, Muza M, Chacón JM, et al.: Cross-feeding modulates the 
rate and mechanism of antibiotic resistance evolution in a model microbial 
community of Escherichia coli and Salmonella enterica. PLoS Pathog. 2020; 
16(7): e1008700.  
PubMed Abstract | Publisher Full Text | Free Full Text 

53.  Li W, Ma ZS: FBA Ecological Guild: Trio of Firmicutes-Bacteroidetes Alliance 
against Actinobacteria in Human Oral Microbiome. Sci Rep. 2020; 10(1): 287. 
PubMed Abstract | Publisher Full Text | Free Full Text 

54.  Song HS, Lee JY, Haruta S, et al.: Minimal Interspecies Interaction Adjustment 
(MIIA): Inference of Neighbor-Dependent Interactions in Microbial 
Communities. Front Microbiol. 2019; 10: 1264.  
PubMed Abstract | Publisher Full Text | Free Full Text 

55.  Bajic D, Sanchez A: The ecology and evolution of microbial metabolic 
strategies. Curr Opin Biotechnol. 2020; 62: 123–8.  
PubMed Abstract | Publisher Full Text 

56.  Adamowicz EM, Harcombe WR: Weakest link dynamics predict apparent 
antibiotic interactions in a model cross-feeding community. Antimicrob Agents 
Chemother. 2020; 64(11): e00465–20.  
PubMed Abstract | Publisher Full Text | Free Full Text 

57.  Ziesack M, Gibson T, Oliver JKW, et al.: Engineered Interspecies Amino Acid 
Cross-Feeding Increases Population Evenness in a Synthetic Bacterial 
Consortium. mSystems. 2019; 4(4): e00352–19.  
PubMed Abstract | Publisher Full Text | Free Full Text 

58.   Bahram M, Hildebrand F, Forslund SK, et al.: Structure and function of the 
global topsoil microbiome. Nature. 2018; 560(7717): 233–7.  
PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation 

59.   Fierer N, Jackson RB: The diversity and biogeography of soil bacterial 
communities. Proc Natl Acad Sci U S A. 2006; 103(3): 626–31.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

60.  Jin Q, Kirk MF: pH as a Primary Control in Environmental Microbiology: 1. 
Thermodynamic Perspective. Front Environ Sci. 2018; 6: 800.  
Publisher Full Text 

61.  Dal Co A, van Vliet S, Kiviet DJ, et al.: Short-range interactions govern the 
dynamics and functions of microbial communities. Nat Ecol Evol. 2020; 4(3): 
366–75.  
PubMed Abstract | Publisher Full Text 

62.   Kelsic ED, Zhao J, Vetsigian K, et al.: Counteraction of antibiotic production 
and degradation stabilizes microbial communities. Nature. 2015; 521(7553): 
516–9.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

63.  Kato S, Hashimoto K, Watanabe K: Microbial interspecies electron transfer via 
electric currents through conductive minerals. Proc Natl Acad Sci U S A. 2012; 
109(25): 10042–6.  
PubMed Abstract | Publisher Full Text | Free Full Text 

64.  Lovley DR: Electromicrobiology. Annu Rev Microbiol. 2012; 66: 391–409.  
PubMed Abstract | Publisher Full Text 

65.  Hynes WF, Chacón J, Segrè D, et al.: Bioprinting microbial communities to 
examine interspecies interactions in time and space. Biomed Phys Eng Express. 
2018; 4(5): 55010.  
Publisher Full Text 

66.  Charubin K, Modla S, Caplan JL, et al.: Interspecies Microbial Fusion and Large-
Scale Exchange of Cytoplasmic Proteins and RNA in a Syntrophic Clostridium 
Coculture. mBio. 2020; 11: (5): e02030–20.  
PubMed Abstract | Publisher Full Text | Free Full Text 

67.  Bevivino A, Bacci G, Drevinek P, et al.: Deciphering the Ecology of Cystic 
Fibrosis Bacterial Communities: Towards Systems-Level Integration. Trends 
Mol Med. 2019; 25(12): 1110–22.  
PubMed Abstract | Publisher Full Text 

68.   Borer B, Tecon R, Or D: Spatial organization of bacterial populations in 
response to oxygen and carbon counter-gradients in pore networks. Nat 
Commun. 2018; 9(1): 769.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

69.  Wilbert SA, Mark Welch JL, Borisy GG: Spatial Ecology of the Human Tongue 
Dorsum Microbiome. Cell Rep. 2020; 30(12): 4003–4015.e3.  
PubMed Abstract | Publisher Full Text | Free Full Text 

70.  Attar N: Microbial ecology: FISHing in the oral microbiota. Nat Rev Microbiol. 
2016; 14(3): 132–3.  
PubMed Abstract | Publisher Full Text 

71.  DePas WH, Starwalt-Lee R, van Sambeek L, et al.: Exposing the Three-
Dimensional Biogeography and Metabolic States of Pathogens in Cystic 
Fibrosis Sputum via Hydrogel Embedding, Clearing, and rRNA Labeling. mBio. 

2016; 7(5): e00796–16.  
PubMed Abstract | Publisher Full Text | Free Full Text 

72.  Mark Welch JL, Hasegawa Y, McNulty NP, et al.: Spatial organization of a model 
15-member human gut microbiota established in gnotobiotic mice. Proc Natl 
Acad Sci U S A. 2017; 114(43): E9105–E9114.  
PubMed Abstract | Publisher Full Text | Free Full Text 

73.   Kim D, Barraza JP, Arthur RA, et al.: Spatial mapping of polymicrobial 
communities reveals a precise biogeography associated with human dental 
caries. Proc Natl Acad Sci U S A. 2020; 117(22): 12375–86.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

74.  Bodelón G, Montes-García V, Costas C, et al.: Imaging Bacterial Interspecies 
Chemical Interactions by Surface-Enhanced Raman Scattering. ACS Nano. 
2017; 11(5): 4631–40.  
PubMed Abstract | Publisher Full Text 

75.   Hatzenpichler R, Krukenberg V, Spietz RL, et al.: Next-generation physiology 
approaches to study microbiome function at single cell level. Nat Rev Microbiol. 
2020; 18(4): 241–56.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

76.  Yu K, Yi S, Li B, et al.: An integrated meta-omics approach reveals substrates 
involved in synergistic interactions in a bisphenol A (BPA)-degrading 
microbial community. Microbiome. 2019; 7(1): 16.  
PubMed Abstract | Publisher Full Text | Free Full Text 

77.  Lewin GR, Stacy A, Michie KL, et al.: Large-scale identification of pathogen 
essential genes during coinfection with sympatric and allopatric microbes. 
Proc Natl Acad Sci U S A. 2019; 116(39): 19685–94.  
PubMed Abstract | Publisher Full Text | Free Full Text 

78.   Ibberson CB, Stacy A, Fleming D, et al.: Co-infecting microorganisms 
dramatically alter pathogen gene essentiality during polymicrobial infection. 
Nat Microbiol. 2017; 2: 17079.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

79.  Cobo-Díaz JF, Baroncelli R, Le Floch G, et al.: Combined Metabarcoding and 
Co-occurrence Network Analysis to Profile the Bacterial, Fungal and Fusarium 
Communities and Their Interactions in Maize Stalks. Front Microbiol. 2019; 10: 
261.  
PubMed Abstract | Publisher Full Text | Free Full Text 

80.  Sung J, Kim S, Cabatbat JJT, et al.: Global metabolic interaction network of the 
human gut microbiota for context-specific community-scale analysis. Nat 
Commun. 2017; 8: 15393.  
PubMed Abstract | Publisher Full Text | Free Full Text 

81.  Kundu P, Manna B, Majumder S, et al.: Species-wide Metabolic Interaction 
Network for Understanding Natural Lignocellulose Digestion in Termite Gut 
Microbiota. Sci Rep. 2019; 9(1): 16329.  
PubMed Abstract | Publisher Full Text | Free Full Text 

82.  McClure RS, Overall CC, Hill EA, et al.: Species-specific transcriptomic network 
inference of interspecies interactions. ISME J. 2018; 12(8): 2011–23.  
PubMed Abstract | Publisher Full Text | Free Full Text 

83.  Hirano H, Takemoto K: Difficulty in inferring microbial community structure 
based on co-occurrence network approaches. BMC Bioinformatics. 2019; 20(1): 
329.  
PubMed Abstract | Publisher Full Text | Free Full Text 

84.   Carr A, Diener C, Baliga NS, et al.: Use and abuse of correlation analyses in 
microbial ecology. ISME J. 2019; 13(11): 2647–55.  
PubMed Abstract | Publisher Full Text | Free Full Text |  
Faculty Opinions Recommendation 

85.  Brazeau HA, Schamp BS: Examining the link between competition and negative 
co-occurrence patterns. Oikos. 2019; 128(9): 1358–66.  
Publisher Full Text 

86.  Nowicki EM, Shroff R, Singleton JA, et al.: Microbiota and Metatranscriptome 
Changes Accompanying the Onset of Gingivitis. mBio. 2018; 9(2): e00575–18. 
PubMed Abstract | Publisher Full Text | Free Full Text 

87.  Carding S, Verbeke K, Vipond DT, et al.: Dysbiosis of the gut microbiota in 
disease. Microb Ecol Health Dis. 2015; 26: 26191.  
PubMed Abstract | Publisher Full Text | Free Full Text 

88.  Stubbendieck RM, Vargas-Bautista C, Straight PD: Bacterial Communities: 
Interactions to Scale. Front Microbiol. 2016; 7: 1234.  
PubMed Abstract | Publisher Full Text | Free Full Text 

89.  Ibberson CB, Whiteley M: The Staphylococcus aureus Transcriptome during 
Cystic Fibrosis Lung Infection. mBio. 2019; 10(6): e02774–19.  
PubMed Abstract | Publisher Full Text | Free Full Text 

90.  Eckert EM, Di Cesare A, Fontaneto D, et al.: Every fifth published metagenome is 
not available to science. PLoS Biol. 2020; 18(4): e3000698.  
PubMed Abstract | Publisher Full Text | Free Full Text

http://www.ncbi.nlm.nih.gov/pubmed/32687537
http://dx.doi.org/10.1371/journal.ppat.1008700
http://www.ncbi.nlm.nih.gov/pmc/articles/7392344
http://www.ncbi.nlm.nih.gov/pubmed/31937838
http://dx.doi.org/10.1038/s41598-019-56561-1
http://www.ncbi.nlm.nih.gov/pmc/articles/6959321
http://www.ncbi.nlm.nih.gov/pubmed/31263456
http://dx.doi.org/10.3389/fmicb.2019.01264
http://www.ncbi.nlm.nih.gov/pmc/articles/6584816
http://www.ncbi.nlm.nih.gov/pubmed/31670179
http://dx.doi.org/10.1016/j.copbio.2019.09.003
http://www.ncbi.nlm.nih.gov/pubmed/32778550
http://dx.doi.org/10.1128/AAC.00465-20
http://www.ncbi.nlm.nih.gov/pmc/articles/7577160
http://www.ncbi.nlm.nih.gov/pubmed/31409662
http://dx.doi.org/10.1128/mSystems.00352-19
http://www.ncbi.nlm.nih.gov/pmc/articles/6697442
https://facultyopinions.com/733720652
http://www.ncbi.nlm.nih.gov/pubmed/30069051
http://dx.doi.org/10.1038/s41586-018-0386-6
https://facultyopinions.com/733720652
https://facultyopinions.com/1157202
http://www.ncbi.nlm.nih.gov/pubmed/16407148
http://dx.doi.org/10.1073/pnas.0507535103
http://www.ncbi.nlm.nih.gov/pmc/articles/1334650
https://facultyopinions.com/1157202
http://dx.doi.org/10.3389/fenvs.2018.00021
http://www.ncbi.nlm.nih.gov/pubmed/32042125
http://dx.doi.org/10.1038/s41559-019-1080-2
https://facultyopinions.com/725506957
http://www.ncbi.nlm.nih.gov/pubmed/25992546
http://dx.doi.org/10.1038/nature14485
http://www.ncbi.nlm.nih.gov/pmc/articles/4551410
https://facultyopinions.com/725506957
http://www.ncbi.nlm.nih.gov/pubmed/22665802
http://dx.doi.org/10.1073/pnas.1117592109
http://www.ncbi.nlm.nih.gov/pmc/articles/3382511
http://www.ncbi.nlm.nih.gov/pubmed/22746334
http://dx.doi.org/10.1146/annurev-micro-092611-150104
http://dx.doi.org/10.1088/2057-1976/aad544
http://www.ncbi.nlm.nih.gov/pubmed/32873766
http://dx.doi.org/10.1128/mBio.02030-20
http://www.ncbi.nlm.nih.gov/pmc/articles/7468208
http://www.ncbi.nlm.nih.gov/pubmed/31439509
http://dx.doi.org/10.1016/j.molmed.2019.07.008
https://facultyopinions.com/732740136
http://www.ncbi.nlm.nih.gov/pubmed/29472536
http://dx.doi.org/10.1038/s41467-018-03187-y
http://www.ncbi.nlm.nih.gov/pmc/articles/5823907
https://facultyopinions.com/732740136
http://www.ncbi.nlm.nih.gov/pubmed/32209464
http://dx.doi.org/10.1016/j.celrep.2020.02.097
http://www.ncbi.nlm.nih.gov/pmc/articles/7179516
http://www.ncbi.nlm.nih.gov/pubmed/26853115
http://dx.doi.org/10.1038/nrmicro.2016.21
http://www.ncbi.nlm.nih.gov/pubmed/27677788
http://dx.doi.org/10.1128/mBio.00796-16
http://www.ncbi.nlm.nih.gov/pmc/articles/5040109
http://www.ncbi.nlm.nih.gov/pubmed/29073107
http://dx.doi.org/10.1073/pnas.1711596114
http://www.ncbi.nlm.nih.gov/pmc/articles/5664539
https://facultyopinions.com/737970439
http://www.ncbi.nlm.nih.gov/pubmed/32424080
http://dx.doi.org/10.1073/pnas.1919099117
http://www.ncbi.nlm.nih.gov/pmc/articles/7275741
https://facultyopinions.com/737970439
http://www.ncbi.nlm.nih.gov/pubmed/28460167
http://dx.doi.org/10.1021/acsnano.7b00258
https://facultyopinions.com/737366581
http://www.ncbi.nlm.nih.gov/pubmed/32055027
http://dx.doi.org/10.1038/s41579-020-0323-1
http://www.ncbi.nlm.nih.gov/pmc/articles/7133793
https://facultyopinions.com/737366581
http://www.ncbi.nlm.nih.gov/pubmed/30728080
http://dx.doi.org/10.1186/s40168-019-0634-5
http://www.ncbi.nlm.nih.gov/pmc/articles/6366072
http://www.ncbi.nlm.nih.gov/pubmed/31427504
http://dx.doi.org/10.1073/pnas.1907619116
http://www.ncbi.nlm.nih.gov/pmc/articles/6765283
https://facultyopinions.com/727672007
http://www.ncbi.nlm.nih.gov/pubmed/28555625
http://dx.doi.org/10.1038/nmicrobiol.2017.79
http://www.ncbi.nlm.nih.gov/pmc/articles/5774221
https://facultyopinions.com/727672007
http://www.ncbi.nlm.nih.gov/pubmed/30833940
http://dx.doi.org/10.3389/fmicb.2019.00261
http://www.ncbi.nlm.nih.gov/pmc/articles/6387940
http://www.ncbi.nlm.nih.gov/pubmed/28585563
http://dx.doi.org/10.1038/ncomms15393
http://www.ncbi.nlm.nih.gov/pmc/articles/5467172
http://www.ncbi.nlm.nih.gov/pubmed/31705042
http://dx.doi.org/10.1038/s41598-019-52843-w
http://www.ncbi.nlm.nih.gov/pmc/articles/6841923
http://www.ncbi.nlm.nih.gov/pubmed/29795448
http://dx.doi.org/10.1038/s41396-018-0145-6
http://www.ncbi.nlm.nih.gov/pmc/articles/6052077
http://www.ncbi.nlm.nih.gov/pubmed/31195956
http://dx.doi.org/10.1186/s12859-019-2915-1
http://www.ncbi.nlm.nih.gov/pmc/articles/6567618
https://facultyopinions.com/736064318
http://www.ncbi.nlm.nih.gov/pubmed/31253856
http://dx.doi.org/10.1038/s41396-019-0459-z
http://www.ncbi.nlm.nih.gov/pmc/articles/6794304
https://facultyopinions.com/736064318
http://dx.doi.org/10.1111/oik.06054
http://www.ncbi.nlm.nih.gov/pubmed/29666288
http://dx.doi.org/10.1128/mBio.00575-18
http://www.ncbi.nlm.nih.gov/pmc/articles/5904416
http://www.ncbi.nlm.nih.gov/pubmed/25651997
http://dx.doi.org/10.3402/mehd.v26.26191
http://www.ncbi.nlm.nih.gov/pmc/articles/4315779
http://www.ncbi.nlm.nih.gov/pubmed/27551280
http://dx.doi.org/10.3389/fmicb.2016.01234
http://www.ncbi.nlm.nih.gov/pmc/articles/4976088
http://www.ncbi.nlm.nih.gov/pubmed/31744924
http://dx.doi.org/10.1128/mBio.02774-19
http://www.ncbi.nlm.nih.gov/pmc/articles/6867902
http://www.ncbi.nlm.nih.gov/pubmed/32243442
http://dx.doi.org/10.1371/journal.pbio.3000698
http://www.ncbi.nlm.nih.gov/pmc/articles/7159239

	9-23_Front.pdf
	9-23_Marvin Whiteley.pdf



