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Abstract: The human microbiota is an array of microorganisms known to interact with the host
and other microbes. These interactions can be competitive, as microbes must adapt to host- and
microorganism-related stressors, thus producing toxic molecules, or cooperative, whereby microbes
survive by maintaining homeostasis with the host and host-associated microbial communities.
As a result, these microbial interactions shape host health and can potentially result in disease.
In this review, we discuss these varying interactions across microbial species, their positive and nega-
tive effects, the therapeutic potential of these interactions, and their implications on our knowledge
of human well-being.
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1. Introduction

Microbes constitute an integral part of human life and impact human health through
intraspecies, interspecies, and interkingdom interactions. These interactions result in a
broad spectrum of outcomes for the human host, ranging from beneficial to pathogenic.
Diseases were once believed to originate from a single species of pathogenic microorgan-
isms. However, following the advent of next generation sequencing technologies and
related techniques, several pathological conditions are now being considered as an out-
come of multiple microbial species. Many pathogenic species in such communities exhibit
unique strategies to circumvent the host immune responses as well as the potential stres-
sors produced by competing commensal microorganisms in order to establish long-term
infections [1]. One way they accomplish this is by producing signaling molecules in their
extracellular environment. Molecules of this nature can serve as cues for escaping host
immune responses, outcompeting nearby microbes [2], and aiding in subpopulation differ-
entiation to combat multiple stressors and antimicrobial components [3,4]. Another way
by which pathogenic species survive in the host environment is by exhibiting coopera-
tive/synergistic behavior, such as sharing resources to reduce overall energy expenditure
or exploiting the virulence factors of neighboring pathogens [5].

It is also important to acknowledge that microbial interactions at the host—pathogen
interface can occur indirectly and directly [1]. Indirect interactions can occur as a result of
environmental changes influenced by the presence of other microbes and can often be me-
diated by immune responses at the host-pathogen interface [6] and direct interactions can
include interactions, such as competition between microorganisms in which they actively
produce toxic substances to kill or limit colonization of other microbes [1,7]. The microbes
being outcompeted may include beneficial or native microbes of the host microbiota but
may sometimes also include invading pathogens. Therefore, microbial interactions at
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the host-pathogen interface can affect the host positively as well as negatively depend-
ing upon the nature and characteristics of the existing interactions [8-10]. For example,
both beneficial and detrimental microbial interactions can be found in multiple host niches
including the oral cavity and the gastrointestinal tract and are especially apparent during
chronic illnesses such as cystic fibrosis infections, diabetic foot wounds, and otitis media
diseases [11]. Comprehending interactions within the diverse polymicrobial populations
existing within humans will improve our predictions regarding disease severity and out-
come [11]. In this review, we discuss some of such critical microbial mechanisms and their
role in disease progression.

2. Intraspecies Interactions Can Elevate Microbial Virulence: Pathogenic
Communities Communicate to Coordinate Behavior and Establish Infection

Quorum sensing (QS) is a bacteria’s communicating system wherein they utilize small
hormone-like molecules, referred to as autoinducers, to coordinate population behavior in
response to the changing environment [12]. These communicating systems can regulate
genetic expressions and enable intraspecies interactions as discussed in this section [13,14].
QS-mediated intraspecies interactions have been shown to change the course of host
infection by regulating virulence factors that impact the ability of pathogens to evade host
immune responses (Figure 1).

S, o
o @
o o
Lo

Autoinducer molecule

Bacterial cells producing autoinducers

Receptor-bound autoinducer molecule

QS-induced biofilm formation

3

High cell density / autoinducer
levels above sensing threshold

0
0
v
*
+
%
*
?

QS-mediated targeting of macrophages
Antibiotic drugs

Host anti-microbial peptide

QS-mediated targeting of neutrophils

Macrophage

Lysed macrophage

Lysed neutrophil

Figure 1. Quorum sensing-mediated intraspecies interactions in bacteria can elevate pathogenesis in host tissues. AHL-

bound autoinducers in Gram-negative bacteria like P. aeruginosa can promote the expression of several virulence factors

such as rhamnolipids, pyocyanin, and other biofilm-associated genes. Some of these factors can target host immune cells

such as macrophages upon phagocytosis. Similarly, QS-mediated biofilm-associated genes can prevent the elimination of

pathogenic cells from host tissues by resisting antibiotic effects of antimicrobial peptides, antibiotic drugs, and phagocytic

immune cells. Additionally, QS-induced virulence factors including proteases produced by Gram-positive bacteria, such as

S. aureus, can degrade immune system cells upon infection.

Pseudomonas aeruginosa is one of the human pathogens whose QS-regulated virulence
has been particularly well characterized. For example, in one study, in vitro and in vivo
experiments conducted with QS-deficient P. aeruginosa strains demonstrated that N-acyl
homoserine lactones (AHL)-mediated QS is vital in upregulation of P. aeruginosa’s virulence
factors such as elastase, rhamnolipids, and pyocyanin [15]. The presence of these virulence
factors can trigger the host’s toll-like receptor response and, in turn, upregulate expression
of P. aeruginosa’s genes that are responsible for limiting detection by host inflammatory
responses [16]. This effect is exacerbated by the hemolytic activity of the QS-regulated
rhamnolipids produced by P. aeruginosa that have been shown to lyse macrophages and
polymorphonuclear leukocytes in multiple studies [17,18] (Figure 1). Lysis of these types
of leukocytes can also be mediated directly by certain P. aeruginosa AHLSs [19]. Such mecha-
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nisms can confer resistance to P. aeruginosa from host responses and allow it to colonize
host tissues successfully [16]. Much like P. aeruginosa, Vibrio cholerae, another pathogenic
Gram-negative microorganism, is known to utilize its cholera autoinducer-1 (CA-1) QS
molecule for coordinating expression of virulence genes, hemagglutinin/protease genes,
and genes necessary for biofilm formation [20] (Figure 1). Expression of such genes aids in
the progression of V. cholerae’s persistent infection in the human host.

In addition to these AHL-based QS molecules, non-AHL, diffusible signaling molecules
have also been shown to assist some Gram-negative bacteria during host infections. For ex-
ample, the diffusible signaling molecule, cis-2-dodecenoic acid, also known as Burkholderia
diffusible signal factor (BDSF), is a non-AHL signaling molecule involved in intraspecies
communication and virulence regulation in Burkholderia cenocepacia [21]. BDSF has been
shown to regulate biofilm formation and motility in B. cenocepacia and is responsible for
exacerbating disease progression in infected hosts [22].

In Gram-positive bacterial species, like Staphylococcus aureus, the Agr QS system
regulates attachment, colonization, dissemination, toxin secretion, and virulence factor
expression of the pathogen [23,24]. Although virulence factors produced by S. aureus
are recognized by the host receptor TLR2, S. aureus can often evade the host due to the
expression of multiple host immune-counteracting molecules [25]. For example, QS in-
duced virulence factors, such as proteases, allow S. aureus to degrade immune system
components [26] (Figure 1). At the same time, other proteins enable the pathogen to inhibit
the antimicrobial functions of specific host immune components [26]. Such QS-mediated
mechanisms aid S. aureus in infection establishment by allowing it to combat host immunity
and induce inflammatory responses, both of which are detrimental to human health.

In addition to S. aureus, QS-mediated intraspecies interactions have been shown to
impact the pathogenesis of other Gram-positive bacterial species. In Streptococcus agalac-
tiae, an opportunistic Gram-positive pathogen, disruption of the SHP /RovS intercellular
communication system results in a significant decrease in the ability of the pathogen to
invade and adhere to human hepatic cells [27]. The SHP/RovS is S. agalactiae’s cell-to-cell
communication system that consists of a transcriptional regulator from the Rgg family
and short hydrophobic peptides (SHPs), which act as signaling molecules. In some Group
A Streptococcus pathogens, upregulation of this communication system provides resis-
tance to lysosomal killing of pathogens during metal deficient and altered carbon source
conditions [28].

In addition to acting as signaling molecules that regulate virulence factors, QS systems
can also impact cell growth and lifestyle choices in pathogenic bacteria. These choices can,
in turn, influence the progression and nature of infection in the host. For example, S. aureus
can differentiate into dispersal cells and cause acute bacteremia or form biofilm structures
that cause chronic infections. A study showed that differentiation of S. aureus is antago-
nistically regulated by the bimodal switch of the Agr QS system. The Agr bimodal switch
is initiated by an elevated concentration of autoinducing peptides (AIPs) [29]. Once acti-
vated, this switch triggers two adjacent promoters responsible for cell differentiation [29].
Taken together, these selected examples highlight the crucial role of bacteria’s QS-mediated
intraspecies communication in host colonization and infection establishment. Numerous
additional QS systems in diverse microbial pathogens exist to facilitate host colonization
and evade the host immune responses.

3. Intraspecies Interactions Can Benefit Human Health: Commensal Strains Can
Outcompete Pathogenic Strains

Multiple strains of the same species can frequently interact with each other at the
host-pathogen interface. While the previous section highlighted mechanisms by which in-
traspecies interactions enable the coordination of community behavior to promote host col-
onization, intraspecies interactions between divergent strains can often be competitive in
nature as these strains compete for resources in the same host niche. In some instances,
one or few of these strains could be virulent while others remain avirulent. If the avirulent
strain outcompetes the virulent strain, a positive host outcome can be achieved. This sec-
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tion brings into light some intraspecies interactions that can be attributed to impacting the
host health positively.

Multiple biofilm-forming Escherichia coli strains are known to be responsible for caus-
ing a wide range of gastrointestinal infections within the human gut [30]. One strain of
particular interest, Nissle 1917, has been shown in multiple studies as a probiotic that can
alleviate intestinal disorders [30]. It was discovered that Nissle 1917 is better at biofilm
formation and can outcompete other enteropathogenic, enterotoxigenic, and enterohaem-
orrhagic E. coli strains (Figure 2). Although Nissle 1917 was unable to outcompete the
planktonic growth phase, it could outcompete other E. coli strains, MG1655, EPEC 1020,
and ETEC H10407, during biofilm growth phase [30]. Nissle 1917’s ability to do so has been
attributed to its ability to use a mixture of six sugars during nutrient-limiting conditions in
the intestine.

JD R pyocin producing P. aeruginosa

@ Spyocin producing P. aeruginosa

@R Lysed S pyocin producing P. aeruginosa
@D Non-toxigenic B. fragilis

D Enterotoxigenic B. fragilis

==y

ZZZ2 Lysed enterotoxigenic B. fragilis

Et- @ E. coliNissle 1917

s
)
", é,‘) _’9 Enteropathogenic E. coli
)

. =

E e

P
-

o~

./-9 Enterohemorrhagic E. coli

@® Rpyocin

sssssss

T Type VI secretion system

((Ee(eeececrey

A

Figure 2. Intraspecies interactions can alleviate pathogenesis in host tissues. E. coli Nissle 1917 strain
outcompetes enterohaemorrhagic and enteropathogenic E. coli by forming highly robust biofilms
and reducing the colonizing area for the latter in host tissues (top panel). Non-toxigenic B. fragilis
strains colonizing the gut use their T6SS to lyse enterotoxigenic B. fragilis and limit colonization
of the pathogenic strain (middle panel). In CF lungs, R pyocin producing P. aeruginosa strains
can inhibit S pyocin producing ones by targeting biofilm communities of the latter (bottom panel).
Created with BioRender.com.

Additional examples of such intraspecies competition can be observed in studies
involving enterotoxigenic Bacteroides fragilis (ETBF), a causative agent of inflammatory
bowel disease (IBD) [31]. A study investigated the ability of symbiotic non-toxigenic
B. fragilis strains in limiting colonization of a murine host by pathogenic ETBF via the type
VI secretion system (T6SS) (Figure 2) [31]. This study demonstrated competitive exclusion
of ETBF by the non-toxigenic B. fragilis strain. It also showed that a non-toxigenic B. fragilis
mutant lacking a key mechanism for T6SS, N1 AtssC, was co- colonized with ETBF within
a mouse model system. The non-toxigenic B. fragilis strain limited ETBF’s toxin exposure
to the host and protected it against IBD.

In addition to the gut microbiome, intraspecies competition has been observed in
other parts of the human body, such as in the cystic fibrosis (CF) lung. Strain diversity has
been shown within P. aeruginosa populations of the CF lung by multiple studies [32-34].
Many different strains of P. aeruginosa produce molecules called pyocins that can potentially
exhibit antimicrobial properties capable of killing other P. aeruginosa strains. Studies have
shown that R type pyocin-producing strains dominate over non-producers in both plank-
tonic and biofilm lifestyles [35] (Figure 2). While it is improbable that pyocin-producing
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isolates of P. aeruginosa will ever be used therapeutically to target pyocin-sensitive isolates,
purified pyocins have the potential to be a therapeutic strategy. These highlighted research
studies indicate that intraspecies interactions among bacteria can impact host health pos-
itively, and some of these interactions may be potentially exploited to be developed as
treatment options in clinical settings.

4. Interspecies Interactions Can Exacerbate Disease: Polymicrobial Communities Can
Synergize during Infection

As next generation sequencing-based studies improve, it has become apparent that
many infections are associated with complex microbial communities [5]. The different
species within these sites of infection exhibit complex interactions ranging from mutualistic
to antagonistic [36]. In past studies, interspecies interactions have focused mainly on
growth-inhibitory interactions [37-39] but in this section, we concentrate on examples of
synergistic interspecies interactions mediated by factors such as shifts in biofilm develop-
mental processes, production of secondary metabolites, etc. as well as explore their impacts
on host health [40].

Microbial synergism negatively impacting host health has been observed in patients
diagnosed with otitis media or inner ear infections. Opportunistic nasopharynx pathogens,
Haemophilus influenzae, Streptococcus pneumoniae, and Moraxella catarrhalis, cause otitis me-
dia [41] and these microorganisms, via QS, can exacerbate upper respiratory tract infection
by decreasing their antibacterial susceptibility [42]. This protection is attributed to the
-lactamase production by M. catarrhalis, which protects S. pneumoniae from antibacterial
agents [43]. Additionally, the increased production of an autoinducer, AI-2, which is in-
volved in QS of S. pneumoniae, increases colonization of M. catarrhalis significantly during
co-infection (Figure 3A). Furthermore, the increase in the colonization of M. catarrhalis was
shown to slow or delay further ascension of S. pneumoniae into the middle ear of the host,
which could be considered a potential strategy to prevent immediate clearance from the
host [43].

Cooperative interactions negatively impacting host health can also be found in the
oral cavity where pathogenic microbial species, Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans are known to co-colonize and cause chronic periodontitis. A. actino-
mycetemcomitans possesses a cytoplasmic catalase capable of effectively reducing hydrogen
peroxide (H,O,) produced by other oral microbial species, such as Streptococcus sanguinis,
resulting in the enhanced survival of P. gingivalis [44]. Thus, the presence of P. gingivalis and
A. actinomycetemcomitans together accelerates periodontal disease as the HyO,-reducing ca-
pabilities of A. actinomycetemcomitans indirectly allow increased proliferation and protection
of P. gingivalis (Figure 3B).

Pathogenic synergy has also been witnessed in the lungs of CF patients where co-
existence and establishment of chronic lung infection often occurs [5,45]. Under nor-
mal circumstances, P. aeruginosa and S. aureus have an antagonistic relationship wherein
P. aeruginosa secretes toxins that promote active killing of S. aureus. However, in most CF
lung infections, overproduction of alginate has been shown to reduce the expression of
anti-staphylococcal agents produced by P. aeruginosa, aiding in the survival of S. aureus [46].
Moreover, the virulence factors secreted by S. aureus assist in the proliferation and dissemi-
nation of P. aeruginosa by counteracting the components of the host immune system [47]
(Figure 3C). Such cooperation allows P. aeruginosa and S. aureus to establish infections that
are recalcitrant to known therapeutics [48].
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Figure 3. Interspecies interactions can elevate pathogenesis in host tissues. (A). In inner ear infections such as otitis media,

causative pathogen M. catarrhalis produces 3-lactamase which protects S. pneumoniae from host antibacterial molecules.

An increase in the cell density of S. pneumoniae, in turn, leads to increased production of auto-inducer AI-2 (via QS) and

increases colonization of M. catarrhalis. This positive feedback loop contributes to increased antibacterial resistance in

pathogenic microorganisms. (B). In the oral cavity, A. actinomycetemcomitans secrete cytoplasmic catalases that convert

H,O, produced by S. sanguinis to non-lethal end-products and protects pathogenic species, P. gingivalis, from the effects of

reactive oxygen species. (C). In the infected CF lung, reduction in the expression of anti-staphylococcal factors secreted by

P. aeruginosa and production of molecules such as a-toxins that can counteract the host defenses by S. aureus can lead to

increased survival of both the pathogenic species. (D). In the GI tract, presence of B. thetaiotaomicron, a symbiotic bacterial

species which produces sialic acids, helps pathogenic C. difficile to colonize and grow in the gut by utilizing the acids as a

nutrient source. Created with BioRender.com.

P. aeruginosa and S. aureus can also act synergistically in host niches outside of the hu-
man lung. For example, wounds infected by both of these organisms experience impaired
healing due to the combined action of the virulence factors of P. aeruginosa and S. aureus [10].
Other recent studies highlight cooperative interactions between the wound pathogens
Enterococcus faecalis and E. coli [49]. In this study, it was found that ornithine produced
by E. faecalis mediated the co-existence of the microbe with E. coli in a murine model. Un-
der iron-deficient conditions, ornithine prompts biofilm production in neighboring E. coli
by favoring metabolic pathways that lead to siderophore synthesis. Increased siderophore
synthesis triggers dramatic uptake and iron utilization by E. coli resulting in bacterial
survival [49]. In general, these studies highlight that synergistic interactions in wound
infections can accelerate injury severity and/or facilitate polymicrobial growth.

Unsurprisingly, the complex microbial make-up of the human intestinal tract is also
subject to pathogenic synergy [50]. An example of this type of interaction occurs between
Clostridium difficile, an opportunistic enteric pathogen, and Bacteroides thetaiotaomicron.
In the presence of the symbiont B. thetaiotaomicron, C. difficile can expand and accelerate
growth in the gut throughout an infection. B. thetaiotaomicron is found in the gut mu-
cosa and produces sialic acids that C. difficile can metabolize and utilize as a nutrient
source (Figure 3D). This interaction enables C. difficile to colonize this niche rapidly [51].
These are only a small subset of the complex pathogenic polymicrobial interactions that
have been uncovered in recent years, demonstrating how the synergistic interaction be-
tween microbes can have an adverse effect on human host and worsen disease progression.
However, unlike the above-mentioned detrimental interspecies interaction, there are also
some known interspecies interactions that can be beneficial to the human host and can
benefit human health.
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5. Interspecies Interactions Can Benefit Human Health: Commensal Species Can
Outcompete Pathogenic Species

While microbiology studies often focus on the pathogenic microbes that are detri-
mental to human health, the impact of the human microbiota is typically positive for
the well-being of the host. One of the major ways in which the microbiome can bene-
fit its host is through suppression of competing microbes that would otherwise act as
pathogenic invaders. Salmonella typhimurium, one of the causative agents of acute gastritis,
is exceptionally well adapted to acquire iron in an inflamed gut [52]. It can thrive within this
environment by changing the siderophore it uses to evade the host produced lipocalin-2
used to sequester many microbial siderophores [52]. E. coli strain Nissle 1917, discussed ear-
lier as exhibiting intraspecies competition that is beneficial to the host, has been shown
to outcompete and limit intestinal colonization of S. typhimurium by secreting similar
siderophores that are resistant to lipocalin-2 (Figure 4A) [52].
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Figure 4. Interspecies interactions can alleviate pathogenesis in host tissues. (A). Commensal microorganisms, includ-

ing E. coli Nissle 1917, can outcompete growth of pathogenic bacteria such as S. typhimurium via competitive iron acquisition

in the human gut. Such mechanisms exhibited by non-pathogenic microbes help in alleviating pathogenesis of the hu-

man host. (B). Antibiotic peptide, lugdunin, produced by S. lugdunensis, a resident bacterial species, inhibits colonization of

S. aureus in the human nasal cavity. (C). In CF lung, non-pathogenic B. thailandensis cells target B. multivorans by delivering

toxins via T6SS contact-dependent growth inhibition, thereby killing the pathogenic species. Created with BioRender.com.

Commensal bacteria are known to be found at various sites in the human body.
One such site where it plays a major role in keeping away infection is the nasal cavity.
For example, Staphylococcus lugdunensis, a resident bacterial species colonizing the human
nose along with S. aureus, can produce the antibiotic peptide lugdunin, to prevent S. aureus
from colonizing the human nose. The bactericidal activity of lugdunin acts against clinical
isolates of S. aureus as well, demonstrated by inhibition of S. aureus colonization in a mouse
model of skin infection (Figure 4B) [53]. Another recent example highlighted the role of
S. epidermidis in promoting a healthy microbiome by producing antimicrobial peptides,
resulting in a low pathogen appearance in the nasal cavity [54]. Additionally, Neisseria lac-
tamica, another commensal bacterial species, within the nasal cavity, is known to exhibit
protective properties against infection by Neisseria meningitidis, the causative agent of
meningitis, by reducing its ability to colonize the nasal cavity, possibly through triggering
the host innate immune responses [55].

Similarly, another site where we happen to see competing interactions between the
commensal and pathogenic microbes is the lung. Among the known microbial species
inhabiting the lung, Burkholderia multivorans is a pathogenic one causing pulmonary in-
fections in CF patients and a recent study demonstrated that non-pathogenic Burkholderia
thailandensis cells could target B. multivorans by delivering toxins via contact-dependent
growth inhibition, thereby killing the pathogenic species (Figure 4C) [56]. Addition-
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ally, the discovery of lung-based probiotics is also of interest to the community since
probiotic consumption can influence the overall lung microbiota, decreasing the chance of
respiratory tract infections [57]. Understanding the protective mechanisms employed by
commensal microorganisms can aid in the creation of future probiotics tailored to treat a
specific disease.

The human gut is home to several hundred bacterial species, including both com-
mensal and pathogenic microbes. The intestinal microenvironment can create favorable
conditions for certain commensal microbes; however, the opportunistic pathogens are
known to take advantage of it, eventually leading to a gut microbiota dysbiosis [58]. In or-
der to treat and prevent multidrug-resistant infections in the gut, commensal strains of
E. faecalis produce bacteriocin. Bacteriocin produced by this commensal strain was able to
influence niche competition in the mouse gut reducing the enterococci infection rate [59].
In another study, S. typhimurium induced colitis was reduced in the mice gut in the presence
of Mucispirillum schaedleri, which was known to hamper its virulence factor expression.
M. schaedleri is a member of the phylum Deferribacteres and is present in the intestinal
microbiota of both mice and humans [60]. Overall, these studies highlight the importance
of commensal microorganisms and commensal-derived competitive factors as potential
treatment strategies that can be used in the future for the eradication of pathogenic bacteria.

In addition to this, interspecies interactions between commensal microbial species and
pathogenic microbial species can also induce innate immunity defenses against the latter.
For example, intestinal commensal bacterial species have been shown to contribute to the
host adaptive immunity via generation of T-cell subsets. Many studies have supported
such effects on the immune responses by the host’s commensal bacteria [61,62]. Thus, ben-
eficial microorganisms can reduce pathogenic colonization by either aiding the host’s
innate/adaptive immune responses or by directly inhibiting pathogen colonization [63].

6. Conclusions

Neighboring microorganisms interact with each other and the host environment.
These microbe-microbe and microbe-host interactions can determine the characteristics of
the microbial community and the health of the host. Several recent studies have confirmed
that many bacterial species inhabiting the human body have evolved to form diverse
intra/interspecies microbial communities [1,64]. Colonization of diverse bacterial pop-
ulations within humans can occur in healthy and diseased states leading to beneficial
and detrimental microbial interactions within the host [1,11,65,66]. These interactions
can impact the host’s immune responses and the overall health of the host. Hence, it is
imperative to understand the impact of bacterial communities and their interactions on
human health and diseases.

Author Contributions: Conceptualization, J.B., K.B., C.A.W.; writing—original draft preparation,
J.B., KB, JN.R, KD.Y,, SI, HAM.; writing—review and editing, ].B., K.B.,, JN.R.,, KD.Y,, S.I,
H.AM,, ] EW. and C.A.W,, figure preparation—].B., K.B. and ].N.R. All authors have read and agreed
to the published version of the manuscript.

Funding: Work in the Wakeman lab is supported by NIH/NIGMS (R15GM128072). KB was sup-
ported by the Doctoral Dissertation Completion Fellowship granted from Texas Tech University
Graduate School.

Acknowledgments: We would like to thank Kyle Ortega and other members of the Wakeman lab for
critical reading of this manuscript. KB would like to thank TTUAB for the Grants-In-Aid (GIA) award.

Conflicts of Interest: The authors declare no conflict of interest.

1. Fons, A.G.M. Mechanisms of Colonisation and Colonisation Resistance of the Digestive Tract Part 2: Bacteria/Bacteria Interactions.
Microb. Ecol. Health Dis. 2000, 12, 240-246. [CrossRef]

2. Waters, C.M.; Bassler, B.L.. QUORUM SENSING: Cell-to-Cell Communication in Bacteria. Annu. Rev. Cell Dev. Biol. 2005,
21, 319-346. [CrossRef] [PubMed]


http://doi.org/10.1080/089106000750060495
http://doi.org/10.1146/annurev.cellbio.21.012704.131001
http://www.ncbi.nlm.nih.gov/pubmed/16212498

Pathogens 2021, 10, 96 9of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Parker, C.T.; Sperandio, V. Cell-to-cell signalling during pathogenesis. Cell. Microbiol. 2009, 11, 363-369. [CrossRef] [PubMed]
Bisht, K.; Wakeman, C.A. Discovery and Therapeutic Targeting of Differentiated Biofilm Subpopulations. Front. Microbiol. 2019,
10, 1908. [CrossRef] [PubMed]

Baishya, J.; Wakeman, C.A. Selective pressures during chronic infection drive microbial competition and cooperation.
NPJ Biofilms Microbiomes 2019, 5, 1-9. [CrossRef]

Kline, K.A.; Schwartz, D.J.; Gilbert, N.M.; Hultgren, S.].; Lewis, A.L. Inmune Modulation by Group B Streptococcus Influences
Host Susceptibility to Urinary Tract Infection by Uropathogenic Escherichia coli. Infect. Immun. 2012, 80, 4186—4194. [CrossRef]
Romero, D.; Traxler, M.E; Lopez, D.; Kolter, R. Antibiotics as Signal Molecules. Chem. Rev. 2011, 111, 5492-5505. [CrossRef]
Armbruster, C.R.; Wolter, D.].; Mishra, M.; Hayden, H.S.; Radey, M.C.; Merrihew, G.; MacCoss, M.].; Burns, J.; Wozniak, D.J.;
Parsek, M.R,; et al. Staphylococcus aureus Protein A Mediates Interspecies Interactions at the Cell Surface of Pseudomonas aerug-
inosa. mBio 2016, 7, e00538-16. [CrossRef]

DeLeon, S.; Clinton, A.; Fowler, H.; Everett, J.; Horswill, A.R.; Rumbaugh, K.P. Synergistic Interactions of Pseudomonas
aeruginosa and Staphylococcus aureus in anIn VitroWound Model. Infect. Immun. 2014, 82, 4718-4728. [CrossRef]

Pastar, I.; Nusbaum, A.G.; Gil, J.; Patel, S.B.; Chen, J.; Valdes, J.; Stojadinovic, O.; Plano, L.R.; Tomic-Canic, M.; Davis, S.C. Interac-
tions of Methicillin Resistant Staphylococcus aureus USA300 and Pseudomonas aeruginosa in Polymicrobial Wound Infection.
PLoS ONE 2013, 8, e56846. [CrossRef]

Peters, B.M.; Jabra-Rizk, M.A.; O'May, G.A.; Costerton, ].W.; Shirtliff, M.E. Polymicrobial Interactions: Impact on Pathogenesis
and Human Disease. Clin. Microbiol. Rev. 2012, 25, 193-213. [CrossRef] [PubMed]

O’Loughlin, C.T.; Miller, L.C.; Siryaporn, A.; Drescher, K.; Semmelhack, M.E,; Bassler, B.L. A quorum-sensing inhibitor blocks
Pseudomonas aeruginosa virulence and biofilm formation. Proc. Natl. Acad. Sci. USA 2013, 110, 17981-17986. [CrossRef]
[PubMed]

Schauder, S.; Shokat, K.; Surette, M.G.; Bassler, B.L. The LuxS family of bacterial autoinducers: Biosynthesis of a novel quorum-
sensing signal molecule. Mol. Microbiol. 2001, 41, 463-476. [CrossRef]

Sturme, M.H.J.; Kleerebezem, M.; Nakayama, ].; Akkermans, A.D.; Vaughan, E.E.; De Vos, WM. Cell to cell communication by
autoinducing peptides in gram-positive bacteria. Antonie Van Leeuwenhoek 2002, 81, 233—-243. [CrossRef]

Bosgelmez-Tinaz, G.; Ulusoy, S. Characterization of N-butanoyl-L-homoserine lactone (C4-HSL) deficient clinical isolates of
Pseudomonas aeruginosa. Microb. Pathog. 2008, 44, 13-19.

Lavoie, E.G.; Wangdi, T.; Kazmierczak, B.I. Innate immune responses to Pseudomonas aeruginosa infection. Microbes Infect. 2011,
13,1133-1145. [CrossRef]

Alhede, M.; Bjarnsholt, T.; Givskov, M.; Alhede, M. Pseudomonas aeruginosa biofilms: Mechanisms of immune evasion.
Adv. Appl. Microbiol. 2014, 86, 1-40. [CrossRef]

Alhede, M.; Bjarnsholt, T.; Jensen, P.J.; Phipps, R.K.; Moser, C.; Christophersen, L.; Christensen, L.D.; Van Gennip, M.; Parsek, M.;
Heoiby, N.; et al. Pseudomonas aeruginosa recognizes and responds aggressively to the presence of polymorphonuclear leukocytes.
Microbiology 2009, 155, 3500-3508. [CrossRef]

Song, D.; Meng, J.; Cheng, J.; Fan, Z.; Chen, P; Ruan, H.; Tu, Z,; Kang, N.; Li, N,; Xu, Y.; et al. Pseudomonas aeruginosa
quorum-sensing metabolite induces host immune cell death through cell surface lipid domain dissolution. Nat. Microbiol. 2019,
4,97-111. [CrossRef]

Suckow, G.; Seitz, P.; Blokesch, M. Quorum sensing contributes to natural transformation of Vibrio cholerae in a species-specific
manner. J. Bacteriol. 2011, 193, 4914-4924. [CrossRef]

Ryan, R.P.; McCarthy, Y.; Watt, S.A.; Niehaus, K.; Dow, ]. M. Intraspecies Signaling Involving the Diffusible Signal Factor BDSF
(cis-2-Dodecenoic Acid) Influences Virulence in Burkholderia cenocepacia. J. Bacteriol. 2009, 191, 5013-5019. [CrossRef] [PubMed]
Cui, C.; Song, S.; Yang, C.; Sun, X.; Huang, Y.; Li, K.; Zhao, S.; Zhang, Y.; Deng, Y. Disruption of quorum sensing and virulence
in Burkholderia cenocepacia by a structural analogue of the cis-2-dodecenoic acid signal. Appl. Environ. Microbiol. 2019, 85.
[CrossRef] [PubMed]

Ji, G.; Beavis, R.C.; Novick, R.P. Cell density control of staphylococcal virulence mediated by an octapeptide pheromone.
Proc. Natl. Acad. Sci. USA 1995, 92, 12055-12059. [CrossRef] [PubMed]

Lyon, G.J.; Novick, R.P. Peptide signaling in Staphylococcus aureus and other Gram-positive bacteria. . Pet. Explor. Prod. Technol.
2004, 25, 1389-1403. [CrossRef] [PubMed]

Zivkovic, A.; Sharif, O.; Stich, K.; Doninger, B.; Biaggio, M.; Colinge, J.; Bilban, M.; Mesteri, I.; Hazemi, P.; Lemmens-Gruber, R.; et al.
TLR 2 and CD14 Mediate Innate Immunity and Lung Inflammation to Staphylococcal Panton—Valentine Leukocidin In Vivo.
J. Immunol. 2010, 186, 1608-1617. [CrossRef]

Pietrocola, G.; Nobile, G.; Rindi, S.; Speziale, P. Staphylococcus aureus Manipulates Innate Immunity through Own and
Host-Expressed Proteases. Front. Cell. Infect. Microbiol. 2017, 7, 166. [CrossRef]

Perez-Pascual, D.; Gaudu, P; Fleuchot, B.; Besset, C.; Rosinski-Chupin, I.; Guillot, A.; Monnet, V.; Gardan, R. RovS and Its
Associated Signaling Peptide Form a Cell-To-Cell Communication System Required for Streptococcus agalactiae Pathogenesis.
mBio 2015, 6, €02306-14. [CrossRef]

Chang, J.C.; Jimenez, ].C.; Federle, M.]. Induction of a quorum sensing pathway by environmental signals enhances group A
streptococcal resistance to lysozyme. Mol. Microbiol. 2015, 97, 1097-1113. [CrossRef]


http://doi.org/10.1111/j.1462-5822.2008.01272.x
http://www.ncbi.nlm.nih.gov/pubmed/19068097
http://doi.org/10.3389/fmicb.2019.01908
http://www.ncbi.nlm.nih.gov/pubmed/31507548
http://doi.org/10.1038/s41522-019-0089-2
http://doi.org/10.1128/IAI.00684-12
http://doi.org/10.1021/cr2000509
http://doi.org/10.1128/mBio.00538-16
http://doi.org/10.1128/IAI.02198-14
http://doi.org/10.1371/journal.pone.0056846
http://doi.org/10.1128/CMR.00013-11
http://www.ncbi.nlm.nih.gov/pubmed/22232376
http://doi.org/10.1073/pnas.1316981110
http://www.ncbi.nlm.nih.gov/pubmed/24143808
http://doi.org/10.1046/j.1365-2958.2001.02532.x
http://doi.org/10.1023/A:1020522919555
http://doi.org/10.1016/j.micinf.2011.07.011
http://doi.org/10.1016/B978-0-12-800262-9.00001-9
http://doi.org/10.1099/mic.0.031443-0
http://doi.org/10.1038/s41564-018-0290-8
http://doi.org/10.1128/JB.05396-11
http://doi.org/10.1128/JB.00473-09
http://www.ncbi.nlm.nih.gov/pubmed/19482924
http://doi.org/10.1128/AEM.00105-19
http://www.ncbi.nlm.nih.gov/pubmed/30770405
http://doi.org/10.1073/pnas.92.26.12055
http://www.ncbi.nlm.nih.gov/pubmed/8618843
http://doi.org/10.1016/j.peptides.2003.11.026
http://www.ncbi.nlm.nih.gov/pubmed/15374643
http://doi.org/10.4049/jimmunol.1001665
http://doi.org/10.3389/fcimb.2017.00166
http://doi.org/10.1128/mBio.02306-14
http://doi.org/10.1111/mmi.13088

Pathogens 2021, 10, 96 10 of 11

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Garcia-Betancur, J.-C.; Goni-Moreno, A.; Horger, T.; Schott, M.; Sharan, M.; Eikmeier, ].; Wohlmuth, B.; Zernecke, A.; Ohlsen, K.;
Kuttler, C.; et al. Cell differentiation defines acute and chronic infection cell types in Staphylococcus aureus. eLife 2017, 6, €28023.
[CrossRef]

Hancock, V.; Dahl, M.; Klemm, P. Probiotic Escherichia coli strain Nissle 1917 outcompetes intestinalpathogens during biofilm

formation. J. Med. Microbiol. 2010, 59, 392-399. [CrossRef]

Hecht, A.L.; Casterline, B.W.,; Earley, Z.M.; Goo, Y.A.; Goodlett, D.R.; Wardenburg, J.B. Strain competition restricts colonization of

an enteric pathogen and prevents colitis. EMBO Rep. 2016, 17, 1281-1291. [CrossRef] [PubMed]

Caballero, J.D.; Clark, S.T.; Coburn, B.; Zhang, Y.; Wang, P.W.; Donaldson, S.L.; Tullis, D.E.; Yau, Y.C.W.; Waters, V.J.;
Hwang, D.M,; et al. Selective Sweeps and Parallel Pathoadaptation Drive Pseudomonas aeruginosa Evolution in the Cystic

Fibrosis Lung. mBio 2015, 6, €00981-15. [CrossRef] [PubMed]

Schick, A.; Kassen, R. Rapid diversification of Pseudomonas aeruginosa in cystic fibrosis lung-like conditions. Proc. Natl. Acad. Sci. USA
2018, 115, 10714-10719. [CrossRef] [PubMed]

Kordes, A.; Preusse, M.; Willger, S.D.; Braubach, P,; Jonigk, D.; Haverich, A.; Warnecke, G.; Haussler, S. Genetically diverse

Pseudomonas aeruginosa populations display similar transcriptomic profiles in a cystic fibrosis explanted lung. Nat. Commun.

2019, 10, 1-10. [CrossRef]

Oluyombo, O.; Penfold, C.; Diggle, S.P. Competition in Biofilms between Cystic Fibrosis Isolates ofPseudomonas aeruginosals

Shaped by R-Pyocins. mBio 2019, 10, €01828-18. [CrossRef]

Kostic, A.D.; Howitt, M.R.; Garrett, W.S. Exploring host-microbiota interactions in animal models and humans. Genes Dev. 2013,
27,701-718. [CrossRef]

Iwase, T.; Uehara, Y.; Shinji, H.; Tajima, A.; Seo, H.; Takada, K.; Agata, T.; Mizunoe, Y. Staphylococcus epidermidis Esp inhibits

Staphylococcus aureus biofilm formation and nasal colonization. Nat. Cell Biol. 2010, 465, 346-349. [CrossRef]

Bomar, L.; Brugger, S.D.; Yost, B.H.; Davies, S.S.; Lemon, K.P. Corynebacterium accolensReleases Antipneumococcal Free Fatty

Acids from Human Nostril and Skin Surface Triacylglycerols. mBio 2016, 7, €01725-15. [CrossRef]

Aoki, S.K.; Pamma, R.; Hernday, A.D.; Bickham, J.E.; Braaten, B.A.; Low, D.A. Contact-Dependent Inhibition of Growth in

Escherichia coli. Science 2005, 309, 1245-1248. [CrossRef]

Shank, E.A.; Kolter, R. New developments in microbial interspecies signaling. Curr. Opin. Microbiol. 2009, 12, 205-214. [CrossRef]

Block, S.L. Causative pathogens, antibiotic resistance and therapeutic considerations in acute otitis media. Pediatr. Infect. Dis. |.

1997, 16, 449-456. [CrossRef] [PubMed]

Chochua, S.; D’Acremont, V.; Hanke, C.; Alfa, D.; Shak, J.; Kilowoko, M.; Kyungu, E.; Kaiser, L.; Genton, B.; Klugman, K.P; et al.
Increased Nasopharyngeal Density and Concurrent Carriage of Streptococcus pneumoniae, Haemophilus influenzae,
and Moraxella catarrhalis Are Associated with Pneumonia in Febrile Children. PLoS ONE 2016, 11, e0167725. [CrossRef]

[PubMed]

Perez, A.C.; Pang, B.; King, L.B.; Tan, L.; Murrah, K.A.; Reimche, J.L.; Wren, ].T.; Richardson, S.H.; Ghandi, U.; Swords, W.E.
Residence ofStreptococcus pneumoniaeandMoraxella catarrhaliswithin polymicrobial biofilm promotes antibiotic resistance and

bacterial persistencein vivo. Pathog. Dis. 2014, 70, 280-288. [CrossRef] [PubMed]

Zhu, B.; MacLeod, L.C.; Newsome, E.; Liu, J.; Xu, P. Aggregatibacter actinomycetemcomitans mediates protection of Porphy-
romonas gingivalis from Streptococcus sanguinis hydrogen peroxide production in multi-species biofilms. Sci. Rep. 2019, 9, 1-10.
[CrossRef] [PubMed]

Bisht, K.; Baishya, J.; Wakeman, C.A. Pseudomonas aeruginosa polymicrobial interactions during lung infection. Curr. Opin. Microbiol.

2020, 53, 1-8. [CrossRef]

Limoli, D.H.; Whitfield, G.B.; Kitao, T.; Ivey, M.L.; Davis, M.R,, Jr.; Grahl, N.; Hogan, D.A.; Rahme, L.G.; Howell, PL.;
O’Toole, G.A; et al. Pseudomonas aeruginosaAlginate Overproduction Promotes Coexistence withStaphylococcus aureusin a

Model of Cystic Fibrosis Respiratory Infection. mBio 2017, 8, €00186-17. [CrossRef]

Cohen, T.S.; Hilliard, ].J.; Jones-Nelson, O.; Keller, A.E.; O’'Day, T.; Tkaczyk, C.; DiGiandomenico, A.; Hamilton, M.; Pelletier, M.;
Wang, Q.; et al. Staphylococcus aureus « toxin potentiates opportunistic bacterial lung infections. Sci. Transl. Med. 2016,
8, 329ra31. [CrossRef]

Limoli, D.H.; Hoffman, L.R. Help, hinder, hide and harm: What can we learn from the interactions between Pseudomonas

aeruginosa and Staphylococcus aureus during respiratory infections? Thorax 2019, 74, 684—692. [CrossRef]

Keogh, D.; Tay, W.H.; Hong, T.W,; Dale, J.L.; Chen, S.; Umashankar, S.; Williams, R.B.H.; Chen, S.L.; Dunny, G.M.; Kline, K.A.
Enterococcal Metabolite Cues Facilitate Interspecies Niche Modulation and Polymicrobial Infection. Cell Host Microbe 2016,
20, 493-503. [CrossRef]

Dejea, C.M.; Fathi, P,; Craig, ].M.; Boleij, A.; Taddese, R.; Geis, A.L.; Wu, X.; Shields, C.E.D.; Hechenbleikner, E.M.; Huso, D.L.; et al.
Patients with familial adenomatous polyposis harbor colonic biofilms containing tumorigenic bacteria. Science 2018, 359, 592-597.
[CrossRef]

Ng, KM.; Ferreyra, J.A.; Higginbottom, S.K.; Lynch, ].B.; Kashyap, P.C.; Gopinath, S.; Naidu, N.; Choudhury, B.; Weimer, B.C.;
Monack, D.M.; et al. Microbiota-liberated host sugars facilitate post-antibiotic expansion of enteric pathogens. Nat. Cell Biol. 2013,
502, 96-99. [CrossRef] [PubMed]


http://doi.org/10.7554/eLife.28023
http://doi.org/10.1099/jmm.0.008672-0
http://doi.org/10.15252/embr.201642282
http://www.ncbi.nlm.nih.gov/pubmed/27432285
http://doi.org/10.1128/mBio.00981-15
http://www.ncbi.nlm.nih.gov/pubmed/26330513
http://doi.org/10.1073/pnas.1721270115
http://www.ncbi.nlm.nih.gov/pubmed/30275334
http://doi.org/10.1038/s41467-019-11414-3
http://doi.org/10.1128/mBio.01828-18
http://doi.org/10.1101/gad.212522.112
http://doi.org/10.1038/nature09074
http://doi.org/10.1128/mBio.01725-15
http://doi.org/10.1126/science.1115109
http://doi.org/10.1016/j.mib.2009.01.003
http://doi.org/10.1097/00006454-199704000-00029
http://www.ncbi.nlm.nih.gov/pubmed/9109158
http://doi.org/10.1371/journal.pone.0167725
http://www.ncbi.nlm.nih.gov/pubmed/27907156
http://doi.org/10.1111/2049-632X.12129
http://www.ncbi.nlm.nih.gov/pubmed/24391058
http://doi.org/10.1038/s41598-019-41467-9
http://www.ncbi.nlm.nih.gov/pubmed/30894650
http://doi.org/10.1016/j.mib.2020.01.014
http://doi.org/10.1128/mBio.00186-17
http://doi.org/10.1126/scitranslmed.aad9922
http://doi.org/10.1136/thoraxjnl-2018-212616
http://doi.org/10.1016/j.chom.2016.09.004
http://doi.org/10.1126/science.aah3648
http://doi.org/10.1038/nature12503
http://www.ncbi.nlm.nih.gov/pubmed/23995682

Pathogens 2021, 10, 96 11 of 11

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

Deriu, E.; Liu, ].Z.; Pezeshki, M.; Edwards, R.A.; Ochoa, R.J.; Contreras, H.; Libby, S.J.; Fang, E.C.; Raffatellu, M. Probiotic Bacteria
Reduce Salmonella Typhimurium Intestinal Colonization by Competing for Iron. Cell Host Microbe 2013, 14, 26-37. [CrossRef]
[PubMed]

Zipperer, A.; Konnerth, M.C.; Laux, C.; Berscheid, A.; Janek, D.; Weidenmaier, C.; Burian, M.; Schilling, N.A.; Slavetinsky, C.;
Marschal, M.; et al. Human commensals producing a novel antibiotic impair pathogen colonization. Nat. Cell Biol. 2016,
535, 511-516. [CrossRef]

Liu, Q.; Liu, Q.; Meng, H.; Lv, H.; Liu, Y;; Liu, J.; Wang, H.; He, L.; Qin, J.; Wang, Y.; et al. Staphylococcus epidermidis Contributes
to Healthy Maturation of the Nasal Microbiome by Stimulating Antimicrobial Peptide Production. Cell Host Microbe 2020,
27,68-78.e5. [CrossRef] [PubMed]

Deasy, A.M.; Guccione, E.; Dale, A.P.; Andrews, N.; Evans, C.M.; Bennett, ].S.; Bratcher, H.B.; Maiden, M.C.J.; Gorringe, A.R.;
Read, R.C. Nasal Inoculation of the Commensal Neisseria lactamica Inhibits Carriage of Neisseria meningitidis by Young Adults:
A Controlled Human Infection Study. Clin. Infect. Dis. 2015, 60, 1512-1520. [CrossRef] [PubMed]

Myers-Morales, T.; Oates, A.E.; Byrd, M.S.; Garcia, E.C. Burkholderia cepacia Complex Contact-Dependent Growth Inhibition
Systems Mediate Interbacterial Competition. J. Bacteriol. 2019, 201. [CrossRef] [PubMed]

Wang, Y,; Li, X.; Ge, T.; Xiao, Y,; Liao, Y.; Cui, Y.; Zhang, Y.; Ho, W.; Yu, G.; Zhang, T. Probiotics for prevention and treatment of
respiratory tract infections in children. Medicine 2016, 95, €4509. [CrossRef] [PubMed]

Carding, S.; Verbeke, K.; Vipond, D.T.; Corfe, B.M.; Owen, L.J. Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health Dis.
2015, 26, 26191. [CrossRef]

Kommineni, S.; Bretl, D.J.; Lam, V.; Chakraborty, R.; Hayward, M.; Simpson, PM.; Cao, Y.; Bousounis, P; Kristich, C.J.; Salzman,
N.H. Bacteriocin production augments niche competition by enterococci in the mammalian gastrointestinal tract. Nature 2015,
526,719-722. [CrossRef]

Herp, S.; Brugiroux, S.; Garzetti, D.; Ring, D.; Jochum, L.M.; Beutler, M.; Eberl, C.; Hussain, S.; Walter, S.; Gerlach, R.G.; et al.
Mucispirillum schaedleri Antagonizes Salmonella Virulence to Protect Mice against Colitis. Cell Host Microbe 2019, 25, 681-694.e8.
[CrossRef]

Lee, YK.; Mazmanian, S.K. Has the microbiota played a critical role in the evolution of the adaptive immune system? Science
2010, 330, 1768-1773. [CrossRef]

Macpherson, A.J.; Harris, N.L. Interactions between commensal intestinal bacteria and the immune system. Nat. Rev. Immunol.
2004, 4, 478. [CrossRef] [PubMed]

Sassone-Corsi, M.; Raffatellu, M. No vacancy: How beneficial microbes cooperate with immunity to provide colonization
resistance to pathogens. J. Immunol. 2015, 194, 4081-4087. [CrossRef] [PubMed]

Fischbach, M.A; Segre, J.A. Signaling in Host-Associated Microbial Communities. Cell 2016, 164, 1288-1300. [CrossRef]
Morales, D.K.; Hogan, D.A. Candida albicans Interactions with Bacteria in the Context of Human Health and Disease. PLoS Pathog.
2010, 6, €1000886. [CrossRef] [PubMed]

Conway, T.; Cohen, P.S. Commensal and Pathogenic Escherichia coli Metabolism in the Gut. Mobile DNA III 2015, 3, 343-362.


http://doi.org/10.1016/j.chom.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23870311
http://doi.org/10.1038/nature18634
http://doi.org/10.1016/j.chom.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31866425
http://doi.org/10.1093/cid/civ098
http://www.ncbi.nlm.nih.gov/pubmed/25814628
http://doi.org/10.1128/JB.00012-19
http://www.ncbi.nlm.nih.gov/pubmed/30962350
http://doi.org/10.1097/MD.0000000000004509
http://www.ncbi.nlm.nih.gov/pubmed/27495104
http://doi.org/10.3402/mehd.v26.26191
http://doi.org/10.1038/nature15524
http://doi.org/10.1016/j.chom.2019.03.004
http://doi.org/10.1126/science.1195568
http://doi.org/10.1038/nri1373
http://www.ncbi.nlm.nih.gov/pubmed/15173836
http://doi.org/10.4049/jimmunol.1403169
http://www.ncbi.nlm.nih.gov/pubmed/25888704
http://doi.org/10.1016/j.cell.2016.02.037
http://doi.org/10.1371/journal.ppat.1000886
http://www.ncbi.nlm.nih.gov/pubmed/20442787

	Introduction 
	Intraspecies Interactions Can Elevate Microbial Virulence: Pathogenic Communities Communicate to Coordinate Behavior and Establish Infection 
	Intraspecies Interactions Can Benefit Human Health: Commensal Strains Can Outcompete Pathogenic Strains 
	Interspecies Interactions Can Exacerbate Disease: Polymicrobial Communities Can Synergize during Infection 
	Interspecies Interactions Can Benefit Human Health: Commensal Species Can Outcompete Pathogenic Species 
	Conclusions 
	References

