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With the development of next generation sequencing technologies in recent years, it has been demonstrated that many

human infectious processes, including chronic wounds, cystic fibrosis, and otitis media, are associated with a

polymicrobial burden. Research has also demonstrated that polymicrobial infections tend to be associated with treatment

failure and worse patient prognoses. Despite the importance of the polymicrobial nature of many infection states, the

current clinical standard for determining antimicrobial susceptibility in the clinical laboratory is exclusively performed on

unimicrobial suspensions. There is a growing body of research demonstrating that microorganisms in a polymicrobial

environment can synergize their activities associated with a variety of outcomes, including changes to their antimicrobial

susceptibility through both resistance and tolerance mechanisms.
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1. Introduction

With recent developments in sequencing technologies, it has been shown that many infections can be polymicrobial in

nature, potentially leading to worse patient outcomes. Current routine clinical models, however, focus on unimicrobial

culture-based methods to determine the causative agent. It is now well-known that many chronic infections are often

polymicrobial in nature . Often, chronic infections are difficult to treat as polymicrobial interactions can lead to decreased

antibiotic efficacy . Recently developed next generation sequencing (NGS) technologies have led to increased

understanding of polymicrobial infections, as they have helped to eliminate culture-bias in microbial identification. Culture-

based microbial identification is a common method used in clinical laboratories to identify the microorganisms in samples

. However, it has been shown that certain species of microbes are often lost in culture, either due to competition from

other microorganisms, the need for specific growth requirements, or other causes. NGS has proven effective to accurately

recount the composition of microbial communities that would normally take multiple culture attempts using different

differential and/or selective media and non-routine culture methods . With NGS helping to more accurately identify the

microorganisms in samples, it is now being demonstrated that more infections are polymicrobial than was previously

recognized. Studies examining the polymicrobial nature of infectious processes are discussed below, and unless

otherwise noted, the cited studies determined the polymicrobial consortia utilizing NGS methods.

2. Mechanisms of Polymicrobial Synergism

There are many complex mechanisms pathogenic microbes can use to not simply survive, but also thrive in polymicrobial

infections. Not only can pathogens work with each other, but they can work with commensal organisms, and even the host

 (Figure 2). Many polymicrobial infections contain microorganisms that work cooperatively.
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Figure 2. Mechanistic bases of polymicrobial interactions. Different interactions discussed in this review are summarized

here. The left column lists the types of interactions and how they are mediated with specific examples, some of which are

discussed in the text. The right column demonstrates how the interaction occurs and the response of the different

microbes involved and the infected host. Signals, proteins, metabolites, and even the host immune system serve as

liaisons between different microbes, allowing complex interactions to occur that impact the environments in which they

live. During infection, these interactions ultimately lead to polymicrobial synergy and are therefore detrimental to the host

(AI-2, autoinducer-2; AHLs, acyl-homoserine lactones). Taken from , reprinted with permission from Journal of
Microbiology (Springer Nature).

2.1. Metabolites

In addition to biofilm formation, in which a hierarchical, often polymicrobial bacterial community can be established

according to their nutrient and oxygen needs, metabolite cross-feeding, in which one species utilizes the metabolic

pathway end-products of another species, allows for increased bacterial survival and growth This phenomenon has been

extensively researched in oral bacteria, especially dental plaque . An example of a cooperative relationship between

bacteria is the mixed biofilm formed by Veillonella atypica and S. gordonii; S. gordonii produces lactate, which is then

consumed by V. atypica; S. gordonii in turn responds to a diffusible molecule produced by V. atypica to produce amylase

. Ramsey et al. demonstrated that Aggregatibacter actinomycetemcomitans pathogenesis is enhanced when co-cultured

with S. gordonii; S. gordonii produces L-lactate as its primary metabolite, which is then utilized by A.
actinomycetemcomitans as a carbon source necessary for vigorous growth . The fungus Candida albicans has been

shown to possess a polymicrobial relationship with multiple bacterial species. It helps to create an anoxic environment

allowing for gingival inflammation by the anaerobic bacteria Porphyromonas gingivalis . Regarding metabolite cross-

feeding, C. albicans metabolizes glucose produced by the bacteria Streptococcus mutans when it breaks down

sucrose;this metabolization of glucose creates an acidic environment in which both the bacterial and fungal species thrive

.

2.2. Signals

Quorum sensing, a mechanism of cell–cell communication based on population density mediated by signaling molecules,

is another method of which microbes can benefit from polymicrobial infections. Microbial “cheaters” can use signals

created by other microorganisms in order to avoid having to produce signals of their own. By listening in to the signals

produced by other microbes (termed “eavesdropping”), these cheaters can perform tasks and react to environmental

changes without having to expend energy on producing their own signals .
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2.3. Direct Contact

Direct contact can contribute to polymicrobial synergy as microorganisms directly interact with each other. An example of

this phenomenon is S. epidermidis protecting the fungus C. albicans from the antifungal fluconazole by producing an

extracellular slime, increasing the content of their mixed biofilm and preventing contact of the antifungal drug with the

fungus .

2.4. Host-Mediated

Host-mediated mechanisms of synergy are commonly seen in polymicrobial infections involving a virus, but can also be

seen in polymicrobial infections involving bacteria and fungi. Host-mediated methods of synergism include mechanisms

such as immune system modulation, in which a virus can decrease the host’s immune response, allowing for increased

proliferation of other microbes. Often, other species in polymicrobial infections can benefit from this phenomenon, allowing

for increased growth and more antibiotic resistance as the bacteria can focus on surviving the antibiotic instead of fighting

the host’s immune system .

3. Polymicrobial Synergism and Its Impact on Antimicrobial Susceptibility

The literature surrounding the effect of polymicrobial synergism on antimicrobial susceptibility is, however, far from

comprehensive. There are three main categories of these interactions investigated in this review—bacteria–bacteria,

bacteria–fungus, and bacteria–viral, and each is less well elucidated than the last. The vast majority of the available

literature is limited by two major factors—the limited number of species used in the experiments and the frequent use of

non-standard conditions and models. Of all the polymicrobial combinations, the perhaps most commonly investigated

relationship is the synergistic interaction of P. aeruginosa and S. aureus, two common colonizers of both the chronic

wound and cystic fibrosis microbiomes. Polymicrobial interactions between bacteria–bacteria and bacteria–fungi with

evidence of changes to antimicrobial efficacy are summarized in Table 1.

Table 1. Summarized selection of changes to antimicrobial efficacy in polymicrobial conditions. This figure summarizes

the observed effects of a polymicrobial condition on antibiotic efficacy in both bacteria–bacteria and bacteria–fungus

interactions across a variety of species and antimicrobial combinations.

Citation Organisms Studied Observation

Bacteria–Bacteria

Hoffman et al. P. aeruginosa, S. aureus 2x increase in tolerance to tobramycin

Orazi and
O’Toole P. aeruginosa, S. aureus Increased tolerance to B-lactam, glycopeptide, aminoglycoside,

macrolide, tetracycline classes

Lebrun et al. P. aeruginosa, S. aureus Increased tolerance to rifamycin, vancomycin, penicillin, cycloserine

DeLeon et al. P. aeruginosa, S. aureus Increased tolerance to gentamicin, tetracycline

Vega et al. E. coli, S. typhimurium Increased tolerance to ciprofloxacin

Adamowicz et
al. E. coli, S. typhimurium Increased tolerance to tetracycline

Tavernier et al. P. aeruginosa, S. aureus, S.
typhimurium Increased tolerance to vancomycin

Bacteria–Fungus

Harriot et al. C. albicans, S. aureus Increase in biofilm formation

Todd et al. C. albicans, S. aureus Lethality increase

Kean et al. C. albicans, S. aureus 4x increased tolerance to miconazole

Kong et al. C. albicans, S. mutans Increased tolerance to fluconazole, response to farnesol

Förster et al. C. albicans, S. epidermidis Increased tolerance to fluconazole, “slime” production
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3.1. Bacteria–Bacteria Interactions

Across a variety of experimental conditions and antibiotic classes, the co-culturing of P. aeruginosa (PA) and S. aureus
(SA) has been shown to result in reduced antimicrobial susceptibility for S. aureus. Hoffman et al. , for example,

demonstrated a doubling of the tobramycin MIC in SA when exposed to the PA exoproduct 4-hydroxy-2-heptylquinoline-N-

oxide (HQNO). Orazi and O’Toole  exposed SA to the supernatant of a PA culture, and after testing some 240

antibiotics, found that “cell wall synthesis inhibitors and protein synthesis inhibitors…includ[ing] multiple representatives

from the B-lactam, glycopeptide, aminoglycoside, macrolide, and tetracycline classes” showed decreased efficacy. Even

as far back as 1978, Lebrun et al.  demonstrated a similar effect in a simple co-culture of the two species, with

decreased susceptibility to rifamycin, vancomycin, penicillin, and cycloserine. While other studies had limited the direct

exposure of PA and SA due to their competition in vitro, DeLeon et al.  used a wound-like media to allow for their co-

culturing, which is consistent with the clinically observed conditions of several infectious processes, and also showed

significant increases in tolerance for SA to both gentamicin and tetracycline. While this increase in tolerance to a wide

variety of antibiotics has been more fully explored in this pair than that of other species, this is not, however, the only

bacteria–bacteria interaction that has been studied. Vega et al.   demonstrated an increase in the tolerance of S.
typhimurium to ciprofloxacin when exposed to the E. coli signaling molecules indole and tryptophan, and in a metabolically

cross-feeding community, E. coli saw a doubling of MIC when exposed to tetracycline, even as the most susceptible

organism in the culture . Increases in tolerance to vancomycin were also observed in polymicrobial biofilm models

using Staphylococcus anginosus, which were attributed to cell wall thickening, a mechanism which has been

demonstrated elsewhere as an effect of synergistic interactions among bacteria . Interactions between PA and

anaerobes isolated from CF patient sputum have also been demonstrated to increase PA’s tolerance to piperacillin .

Though the largest body of research demonstrating changes in antimicrobial tolerance exists in this field, these

interactions are certainly not limited to a single kingdom.

3.2. Bacteria–Fungus Interactions

Bacteria–fungus interactions, and their effect on polymicrobial susceptibility, are far less well examined than that of

bacteria–bacteria interactions, but a body of research does exist. Of these, the relationship between Candida albicans and

S. aureus has been examined in some detail, and along with increased biofilm formation  and an increase in synergistic

lethality , an increased tolerance to both antibiotics and antifungal compounds has been observed when the organisms

are in co-culture. Kean et al.  demonstrated a fourfold increase in tolerance to miconazole for S. aureus when cultured

with C. albicans, an effect which has been supported by a similar decrease in C. albicans sensitivity to fluconazole when

cultured with S. mutans. Examinations of the relationship between these organisms attributed the cause of the increased

tolerance to a higher expression of drug efflux pumps on the part of S. aureus. In addition, the researchers demonstrated

the ability of that same organism to respond to the quorum sensing molecule farnesol produced by C. albicans . S.
epidermidis has also been shown to have a protective effect on C. albicans by the production of an extracellular “slime”,

which decreases the efficacy of fluconazole on the fungus . Given that bacterial–fungal co-infection can occur across a

wide number of body systems, including the enteric, respiratory, and oral cavity, this relative paucity of studies determining

what changes occur in the respective organisms’ MICs demonstrates a gap in the available literature.

3.3. Bacteria–Virus Interactions:

It is in this last category of interactions that the research is the most sparse, when focusing specifically on changes to

antibiotic susceptibility. Though a variety of interactions between a number of respiratory viruses and bacteria , HIV

and Mycobacterium tuberculosis , or the Epstein-Barr virus and Porphyromonas endodontalis or P. gingivalis have

been described in detail , they have focused largely on the interactions occurring through the indirect mediation of host

immune system activity, rather than a direct bacteria–virus interaction resulting in a change in MIC in constituent infectious

bacteria. This trend is common in the available literature and viral–bacterial interaction groups. For instance, in a study of

otitis media among pediatric patients, with one group having only a bacterial infection but the other having both bacterial

and viral infections of the middle ear, differences in total clinical treatment success or failure were not statistically

significant. However, a strong increase in the failure of initial antibiotic treatment was observed among the combined viral–

bacterial infections, with 50% of the co-infected (bacterial and viral) group displaying failure compared to only 13% of the

bacteria-only group . In addition, of those in the bacteria-only failure group, 75% had bacteria with pre-existing

resistance to the prescribed antibiotic, whereas 66% of the co-infected group’s bacteria were susceptible when evaluated

using the Kirby-Bauer disk diffusion method . This would seem to indicate that bacteria–virus co-infection is producing

an effect on the antimicrobial susceptibility of the bacteria, but it is far less certain whether or not that effect relates more

to the possible indirect immune suppression of the host due to the concomitant viral infection or due to the direct

interactions of those two microorganisms with each other. It has been demonstrated that the presence of an Influenza A
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infection significantly decreases the physical penetration of antibiotics in a chinchilla model of otitis media, which may

explain the number of failures of antibiotic treatment in that infectious process . Outside of clinical studies, viruses have

been shown to be able to increase the biofilm formation of P. aeruginosa, with a concomitant attendant effect on

antimicrobial susceptibility , but it is less clear what effect the interaction of bacteria and viruses has, in a planktonic

form, on antimicrobial susceptibility. In addition, the relevant literature has described direct bacteria–virus interactions

within the context of enteric and respiratory infections, leading to increased bacterial and viral adherence and stability,

which could suggest changes to bacterial MIC, although that has yet to be definitively determined . Given the

multiplicity of infections where viruses may be members of a polymicrobial community , this phenomenon certainly

deserves more research.
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