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Abstract 24 

Recent developments in microbiome biology and chemical analytics have revealed the relevance 25 

of microbial chemical communication and its networks for microbial ecology. Deciphering 26 

chemical interactions, however, is challenging and our understanding of Microbial Chemical 27 

Ecology (MCE) under natural conditions still remains fragmented. Here, we aim to summarize 28 

what is currently known in the field of MCE. We highlight new tools and methodological 29 

challenges and discuss future perspectives of this emerging field. We describe the factors 30 

affecting the production and environmental transport of signalling molecules, evaluate their 31 

metabolic and ecological functions, and discuss approaches to address future challenges in MCE. 32 

Our summary commends that future developments in the field of MCE will need to include 33 

studies involving organisms of all levels, and consider mechanisms underlying the 34 

communication including viruses, micro and macro-organisms in their natural environments. 35 

   36 
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Background 37 

Chemical ecology first appeared as a keystone discipline in the early 1950’s, advancing our 38 

understanding of insect communication and plant chemical defenses [1]. However, chemical 39 

communication is not restricted to plant-insect and plant-plant interactions. In fact, chemically 40 

mediated relationships are now being recognized as common in the microbial world across 41 

terrestrial and aquatic ecosystems (Figure 1). Bonnie Bassler is one of the pioneers of microbial 42 

chemical communication being amongst the first to discover bacterial intra-specific quorum 43 

sensing via autoinducing chemical compounds. This mechanism is now proving to play a 44 

fundamental role in both intraspecific and interspecific interactions [2, 3]. Prof. Bassler coined 45 

the term “microbial language” and it was her initial work and the numerous follow-up studies 46 

that brought chemical communication between microbes into the spotlight. Researchers in the 47 

field of microbial ecology are recognizing the important roles that chemical communication and 48 

interactions play across all ecosystems (reviewed in [4]). In fact, the oldest form of 49 

communication is probably the chemical communication between microorganisms  and only 50 

later evolved in plants, insects and other higher organisms [5]. Thus, by deciphering the chemical 51 

language, we will be able to better understand how species interact in their ecosystems. 52 

However, understanding the theoretical foundations of chemical language (its origin and 53 

diversity) is challenging and has been rarely studied. 54 

Until now, the topic of Microbial Chemical Ecology (MCE) has been largely neglected by 55 

microbiologists. The reason stems from methodological constraints concerning the analysis of 56 

microbiological communities under natural conditions. Furthermore, most of the research for 57 

natural products is focused on chemical and biochemical approaches and drug discovery with a 58 

less of an emphasis on ecological aspects. The traditional separation of disciplines limits our 59 
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understanding and ultimately hinders scientific advances. Recent developments in genome 60 

sequencing and chemico-analytical tools enabling us to uncover the chemical communication 61 

networks of the microbial world, as well as cross-disciplinary collaborations between research 62 

fields will make MCE a central field within microbial ecology.  63 

In order to raise awareness of the importance of MCE in the field of microbial ecology, we 64 

hosted a roundtable session entitled “Microbial chemical ecology:  intra- and interspecies 65 

communication” during the ISME17 meeting in Leipzig, Germany (August 2018). The 66 

discussion raised several crucial points that will be addressed in this paper. We will also address 67 

recent breakthrough discoveries, methodological challenges and future perspectives in this 68 

rapidly evolving field.  69 

Microbial chemical diversity  70 

Microorganisms produce a wide array of secondary metabolites with a variety of physico-71 

chemical and biological properties. In recent years, these molecules have been increasingly 72 

referred to as specialized metabolites (SMs) in order to emphasize their important role in 73 

microbial ecology (Table 1 keyword definition)  [6]. Most microorganisms produce both, volatile 74 

and water-soluble (non-volatile) compounds (reviewed in [7]). However, so far,  most studies 75 

have focused on either volatile or soluble compounds and have ignored the fact that these 76 

compounds are usually produced simultaneously, sometimes by enzymes encoded in the same 77 

biosynthetic gene cluster [8]. Additionally, the same molecule can be functional in both, gas and 78 

liquid phases. For example, naphthalene acts as an attractant for Pseudomonas putida bacteria in 79 

liquid media, while air-born naphthalene acts as a repellent for the same strain [9].  80 

Water-soluble compounds from terrestrial and aquatic microorganisms are increasingly gaining 81 

attention as compared to volatiles, mostly due to relatively simple extraction and detection 82 
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methodology, and due to the fact that many of the soluble compounds have potent bioactive 83 

properties. Soluble compounds serve as antimicrobial weapons in antagonistic interactions, as 84 

well as signaling compounds within the same or between different species of free-living or host-85 

associated microbial communities. In contrast to soluble compounds, volatile organic compounds 86 

can diffuse easily through air- and gas-filled pores and play an important role in long-distance 87 

interactions between microorganisms [10]. Recently, Schulz-Bohm et al. have shown that 88 

volatile compounds can diffuse within 20 minutes over distance of >12cm, which is a veritable 89 

distance for most soil microorganisms [11]. Despite their mostly hydrophobic nature, volatiles 90 

are widely produced in both terrestrial and aquatic environments by marine plankton, algae, 91 

animals and marine bacteria [12-15].  92 

Interestingly, although the ability of microorganisms to produce structurally diverse volatile 93 

compounds has been known for decades [16], their antimicrobial activities have only recently 94 

attracted attention making them potential candidates for future drug development (reviewed in 95 

[17]). In addition, volatiles can have synergistic effects with soluble antimicrobials. For example, 96 

hydrophilic antibiotics such as vancomycin and β-lactams that have marginal inhibitory effects 97 

on Gram-negative bacteria, exhibit enhanced antibacterial activity when the exposed strains are 98 

pre-treated with the volatile phenylpropanoid eugenol [18]. Due to their lipophilic nature, 99 

volatiles may interfere with membrane structures causing depolarization of the cell membrane 100 

thus, leading to a higher sensitivity towards the more polar antibiotics. 101 

The microbial dialogue may also involve small inorganic molecules such as HCN, ammonia, 102 

others. For example, stimulation of NO production in Streptomyces by fungal bacteriostatic 103 

compound followed by NO-mediated transcriptional activation of fungistatic heronapyrrole 104 
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biosynthesis [19]. Another study reported that nitrite produced in nitrogen oxide cycle functioned 105 

as an intercellular communication molecule in Streptomyces coelicolor [20]. 106 

Factors affecting the production of SMs  107 

The production of both, soluble and volatile SMs, is influenced by various environmental biotic 108 

and abiotic factors. Playing with abiotic factors such as nutrients, light, temperature, pH, 109 

moisture, salinity and others, one can trigger the expression of genes leading to the production of 110 

diverse and novel SMs in terrestrial and marine microorganisms. There are several examples 111 

revealing chemical diversity of single isolate by applying different cultivation parameters using 112 

so-called OSMAC (one strain-many compounds) approach [21] [22]. Molecular mechanisms of 113 

SM regulation by nutrients are best-described for major nutrient sources, such as carbon, 114 

nitrogen, phosphate and a few selected micronutrients, such as the trace metals like iron, copper, 115 

and zinc (reviewed in [23, 24]). However, these molecular mechanisms have been mostly studied 116 

in isolated microorganisms cultivated as pure cultures and little is known about how nutrients 117 

and other abiotic factors influence SM production in microbial communities under natural 118 

conditions. As an example, a higher proportion of bioactive actinomycetes strains were 119 

repeatedly reported in alkaline soils [25, 26]. However, in a later study, actinomycetes isolated 120 

from the acidic soil samples produced a higher number of low-molecular-weight compounds as 121 

compared to alkaline sites. This result indicates that acidic soils may be a reservoir for novel 122 

actinobacterial strains [26]. Yet, so far, little is known about the selective pressure pH plays on 123 

SM evolution.  124 

Interspecific interactions and competitor sensing are considered the main biotic factors 125 

affecting the production of SMs [7]. The non-antibiotic producing soil bacteria can be triggered 126 

to produce broad-spectrum antibiotics when confronted with unrelated bacterial species. For 127 
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example, when Pseudomonas fluorescens Pf0-1 is confronted with taxonomically different 128 

bacterial species, it can produce broad-spectrum antimicrobial compounds with activity against a 129 

range of plant pathogenic fungi, making fungi the victim of this particular bacterial-bacterial 130 

interaction [27]. 131 

Microbial communication by autoinducers and autoregulatory factors/microbial hormones was 132 

initially considered to be an intra-specific microbial communication mechanism, which 133 

influenced a range of physiological responses to microbial density environmental changes, such 134 

as antibiotic and toxin production, biofilm formation etc. (reviewed in [28, 29]). However, it has 135 

been demonstrated that inter-specific communication between closely related and distant 136 

microbial species using species-specific signaling molecule is possible under laboratory 137 

conditions [30] (reviewed in [31]). Thus, such interspecies signaling may also take place in 138 

nature. 139 

Another interesting example of interspecific interaction is cell-to-cell contact between mycolic 140 

acid-containing actinomycete and other non-mycolic actinomycete species in a combined 141 

culture. This direct interaction induces SM production in non-mycolic actinomycete by an 142 

unknown mechanism [32]. However, it has been found that mycolic acid-containing bacteria 143 

need to be alive since dead cells do not induce compound production in combined culture [33]. 144 

In addition to the ecological aspect, the understanding of factors affecting SM production has 145 

also an applicational impact. The compounds acting as signal molecules can be used as elicitors 146 

of silent natural product biosynthetic gene clusters that might have potential applications as 147 

drugs [34]. Similarly, co-cultivation with other microorganisms and modification of abiotic 148 

cultivation factors is an important tool for natural product discovery (reviewed in [35]).  149 

Transport in the natural environment 150 
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To elicit an effect, chemicals need to physically reach their potential recipients, i.e. need to 151 

become accessible and available at sufficient concentrations [36]. Hence, transport and 152 

accessibility of chemical signals is an important and often overlooked factor in chemical ecology. 153 

Following the definitions used in the risk assessment of environmental chemicals [37], the term 154 

bioavailability refers to the degree of interaction of chemicals with living organisms and includes 155 

two major exposure scenarios. First, if a chemical gets transformed by the recipient, the 156 

bioavailability is a dynamic feature and bioavailable (steady-state) concentrations are determined 157 

by the rate of mass transfer of a compound to the recipient and the recipient’s intrinsic catabolic 158 

activity to degrade the compound [38]. Second, if chemicals act by non-consumptive processes, 159 

their equilibrium concentration at the recipient will be effect determining. In either of the 160 

scenarios, the transport of the chemical from the source to the recipient is driven by its molecular 161 

reactivity and physical-chemical properties as well the prevailing environmental conditions. 162 

Hence, the bioavailability of any chemical should be perceived as a habitat-specific rather than 163 

solely a compound property. For chemical communication to develop, microbes should be within 164 

communication distances. For instance in soil, typical inter-cell distances of 10-20 µm [39], and 165 

cell-to-cell communication distances of soluble chemicals of up to 78 µm have been described 166 

[40]. The soil structure and its complex pore space are another driver of cell to cell 167 

communication and microbial functioning. The diffusion rate of volatile compounds throughout 168 

the porous network of the soil is influenced by the physical properties of the soil, including shape 169 

and size of soil aggregates as well as chemical parameters, such as soil moisture, pH and 170 

temperature. Arrangement, size, and composition of particles influence the retention capacity of 171 

water and nutrients [41] and provide pathways for the exchange of cells and vapor- or water 172 

bound communication signals. Compound molecules are typically transported by diffusion, 173 
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advection or by biological transport vectors. While volatile chemicals have been considered as 174 

the ‘lingua franca’ [42] for long distance signaling through the air-phase, diffusive transport of 175 

water-born chemicals is often restricted to short distances, as molecular diffusion coefficients 176 

generally are 103-104 lower in water than in air. Moreover, transport of non-volatile water-177 

soluble chemicals requires continuous liquid phases and thus, may be restricted by air-filled 178 

pores. However, a study by Barto et al. has shown that information-carrying chemicals may be 179 

transmitted at long distances by mycorrhizal networks acting as below ground information 180 

networks between plants [43]. Efficient resource translocation at velocities up to 600 µm min-1 in 181 

their mycelia enables fungi to grow even in air-filled, heterogeneous habitats. Thereby, mycelia 182 

also enable bacterial activity by cm-range metabolite, nutrient and water transfer to bacteria in 183 

the hyphosphere as was shown by a combination of stable isotope probing and chemical 184 

microscopy [44]. Via their hyphal transport (‘hyphal pipelines’) [45], they may also transport 185 

hydrophobic chemicals to distant bacteria up to 100 fold better than diffusion would do.  186 

Another option for the exchange of information carriers and microbial chemical interaction is the 187 

transport of microorganisms themselves. Microorganisms may contain information carriers such 188 

as plasmids, prophages or endobacteria [46] and interact with neighboring recipients as agents of 189 

horizontal gene transfer (HGT) or by the exchange of smaller signals. As for chemicals microbial 190 

dispersal may take place via (i) advective or quasi-diffusive transport in air or water, (ii) intrinsic 191 

random or targeted cellular motility, or (iii) by deposition to abiotic or biotic transport vectors 192 

such as colloidal particles or the micro- or macro fauna. For instance, research on bacterial 193 

fungal interactions has highlighted the role of hyphae and the mycosphere as a hotspot of 194 

microbial transport and activity [47]. Hyphae enable the directed and random transport of less 195 

immobilized bacteria in heterogeneous (soil) habitats. Hyphae also serve as scaffolds for 196 
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bacterial transport [48], as well as presumed habitat for preferential horizontal gene transfer [49-197 

51]. 198 

Ecological function of microbial natural products  199 

The chemical diversity of microbial natural products is so immense, yet most of them still remain 200 

unknown. Widespread soil bacteria like Streptomyces or myxobacteria might encode >30 201 

biosynthetic gene clusters for the production of several structurally different polyketides, 202 

peptides or terpenes in a single strain (not counting SM derivatives derived from the same 203 

biosynthetic gene cluster) [52]. While the number of putative natural product families correlates 204 

with the number of biosynthetic gene clusters that can easily be predicted from the bacterial 205 

genome sequence, in most cases, only a small fraction of these natural products have been 206 

identified. Even for the natural products that have been well-known for decades, we often know 207 

more about their potential use (as anti-infectives or other drugs) than about their original 208 

ecological function. Several clinically used antibiotics of microbial origin have been shown to 209 

act as signaling molecules at sub-inhibitory concentrations [53, 54]. Assuming that the true target 210 

is addressed clinically (and not an off-target effect), these examples show that the metabolite 211 

concentration matters. The phenomena of low-dose stimulation/signaling and high-dose toxicity 212 

by the same molecule is called hormesis and is very common for microbial natural products [55]. 213 

In contrast to the much higher concentrations that are often used in the clinical situations, these 214 

low concentrations might be more relevant in nature. For example, in terrestrial ecosystems, 215 

microbial biomass can be triggered by trace concentrations of low-molecular weight compounds, 216 

so-called “trigger solutions” [56]. 217 

Bacteria always live in a complex environment surrounded by several other organisms including 218 

other bacteria, fungi, protozoa, as well as complex multicellular organisms such as insects, 219 
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mammals and plants. Assuming that many of the required organismic interactions are being 220 

mediated by natural products, we can expect toxic or beneficial compounds, signals or 221 

metallophores, along with compounds enabling UV-protection, swarming motility or sporulation 222 

[7]. If we look into bacterial quorum sensing enabling the communication within but also among 223 

microbial species [57], it is obvious that we have identified only a small fraction of the natural 224 

communication systems in some model systems that often have not been analyzed with respect to 225 

other microbes present in these environments [58]. Moreover, we need more information 226 

concerning the regulatory mechanisms and triggers (signals/elicitors) that are required for the 227 

production of natural products. Transcription factors (often encoded in the respective 228 

biosynthetic gene clusters) that mediate the activation or repression of biosynthetic gene clusters 229 

often require specific ligands, which might be difficult to identify due to their low abundance. 230 

With respect to other regulatory elements as regulatory sRNAs, riboswitches or DNA-binding 231 

proteins that interfere with transcription, we have hardly started to identify them. 232 

New tools to address methodological challenges in MCE 233 

Understanding the natural metabolites that mediate interactions between organisms is key to 234 

deciphering chemical communication and interactions. Unfortunately, the detection and 235 

identification of the compounds that mediate these interactions still remains challenging. The 236 

two principal methods in metabolomics used to detect and structurally elucidate metabolites are 237 

Mass Spectrometry (MS) and Nuclear Magnetic Resonance (NMR). However, NMR is difficult 238 

to use in an ecological context and one must distinguish between the analysis of ecologically 239 

relevant mixtures (done by MS) and NMR used for pure compounds, but being the ultimate 240 

proof for compound structure. The emerging mass spectrometry imaging (MSI) provides new 241 

opportunities to study environmentally relevant metabolites in their spatial and temporal context 242 
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[59] This approach helps to overcome limitations in traditional MS-based metabolomics 243 

techniques that require extraction and ample amounts of sample preparation. . MSI techniques 244 

are excellent tools for monitoring metabolic processes and for studying chemical communication 245 

in an ecological context. For example, MALDI-IMS analysis of Streptomyces coelicolor staged 246 

with other actinomycetes revealed the production of many interaction-specific metabolites that 247 

were  not produced in monoculture [60]. 248 

The biggest methodological challenge in MCE is to mimic natural environmental conditions in 249 

the laboratory. Recent approaches in creating optically transparent microcosms for long-term 250 

observations of cell-cell interactions [61] or mesocosms to test the SM effect on the microbial 251 

community [62] have opened up new opportunities for carrying out microbial interaction studies.  252 

Artificial microcosm systems (“designer” ecosystems) bring the advantage of studying 253 

microbial interactions on a molecular level while creating controlled environments that mimic 254 

environmental conditions [63]. As such, the 3D printing of soil structures or microfluidic 255 

techniques prove to be promising approaches to studying microbial chemical interactions [64]. 256 

Borer et al. developed glass-etched pore networks based on soil-aggregate cross sections that are 257 

used to study microbial interactions in response to O and C gradients [65]. The ‘lab-on-a-chip’ 258 

technology is another promising platform to study microbial chemical interactions due to its 259 

compatibility with flow cytometry and mass spectrometry tools [66].  A range of model 260 

microbiome systems have been developed that have the capability of mimicking the complexity 261 

of natural environments while testing hypotheses with statistical power in a controlled setting 262 

[67].  263 

 Future trends and perspectives  264 
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Great progress has been made in understanding uni-directional chemical responses without 265 

considering the dialogues and bi-directional interaction between organisms. Current studies are 266 

often focused on SM(s) produced by a single organism and the responses of a perceiving 267 

organism. However, chemical communications taking place in nature are complex and  may play 268 

a role in almost every possible interaction between the member of the community . Most 269 

microorganisms produce a multitude of metabolites into their environment but probably only a 270 

few of these have a true communicative function. Nevertheless, substances emitted for non-271 

communicative purposes can provide multiple starting points for the evolution of chemical 272 

communication.  273 

Several compounds, such as terpenoids, sulfur compounds, indole, others are commonly 274 

produced by different microorganisms and even plants and insects.  Analyses of such chemical 275 

compounds in a phylogenetic context could be very helpful for understanding the evolution of 276 

chemical communication. In addition, important factor to improve our understanding of the 277 

evolution of chemical communication is the expansion of our current knowledge of receptors and 278 

olfactory systems that are responsible for signal perception.  279 

Chemical interaction processes are not restricted to prokaryotes and eukaryotes only. Recent 280 

studies revealed that viruses (phages) use phage-produced communication peptide or host-281 

produced quorum sensing autoinducer to control phage lysis-lysogeny decisions [68, 69]. To 282 

counteract, bacteria developed a natural product-based defense mechanism against phage 283 

infections [70]. However, the role of viruses in microbial chemical communication has been 284 

rarely tackled and so far, largely unexplored. Thus, future directions of MCE will ideally involve 285 

studies on all organismal levels, and consider mechanisms underlying the communication 286 

including viruses, micro and macro-organisms in their natural environment.  287 
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Another important direction of MCE is to study how climate change (e.g. low/high temperatures, 288 

drought/flooding) will affect SM production and their function in the changing natural 289 

environment. A final, yet important question is “How to promote chemical studies in the course 290 

of microbial ecological work and vice versa?” Traditionally, microbiology and microbial ecology 291 

have been separated from the field of chemical ecology, with the latter focusing mainly on 292 

above-ground communication. However, since recent advance have shown the importance of 293 

chemical interactions in the microbial world as part of a bigger communication network with 294 

their host, we argue for a merge of disciplines and integrate functional, evolutionary, 295 

physiological and ontogenetic levels [71, 72]. 296 

Understanding the various chemical interactions between microbes and their plant host will 297 

have important implications for agriculture to counteract drought and increased pathogen 298 

pressure. One promising solution stems from microbial engineering of the holobiont- the 299 

inseparable unit of the host and its microbiome [73]. Moreover, volatiles can play important roles 300 

in suppressing pathogens in disease suppressive soils [74, 75]. Thus, future studies could usefully 301 

address the underlying mechanisms of microbial communication and pathogen control via 302 

volatiles in the plant holobiont, which will help linking genes to enzymes and metabolites and set 303 

the basis for microbial engineering strategies.  304 

Finally, advances in MCE will help to uncover mechanisms driving human-microbiome 305 

interactions that influence our health. Till today, only a small fraction of chemistry carried out in 306 

this microbial habitat has been characterized [76, 77]. A critical step in understanding human gut 307 

microbial interactions is linking metabolites with specific microbial genes and enzymes. 308 

Artificial systems that mimic gut conditions, such as the “Robogut” [78] or microfluidic devices 309 
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such as the HuMiX (human–microbial crosstalk) [79] system combined with metabolomics and 310 

transcriptomics approaches will be essential tools to close the knowledge gap and to develop 311 

strategies for improved health and treatment of infectious diseases.  312 

Whether in human or any other environment, deep understanding of the complex microbially-313 

mediated chemical interactions remains a large and intricate puzzle that will require efficient 314 

collaborative effort. 315 
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Figure 1: Patterns of microbial communication across terrestrial and aquatic ecosystems. 533 

Cues - provide unintentional information; signals -  provide intentional information and chemical 534 

weapons/antimicrobial-  are produced targeted.  535 
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Table 1 Keyword definitions 1 

Keyword Definition 

Infochemicals Chemical compounds released by microbes, animals 

and plants into their environment and used as signals.  

The term “infochemical” generally indicates low-

weight SMs. However, macromolecules, such as 

DNA, can also serve as an information carrier in a 

form of mobile genetic elements (plasmids, 

transposons and bacteriophages) via horizontal gene 

transfer. These elements, especially plasmids, carrying 

genes for antibiotic resistance, virulence or nitrogen 

fixation contribute to microbial community fitness and 

interaction with a host. 

Microbial chemical interaction Process in which a chemical signal (“infochemical”) 

from one organism has an effect on the counterpart 

behavior and physiology. The interaction can occur 

directly cell-to-cell, or signals can be spread on short 

and long distances. The signal may or may not 

activate the “feedback” signal production in the 

counterpart. 

Microbial chemical communication An active exchange of (targeted) chemical signals, 

where signals of one organism activate response in the 

counterpart.  

Secondary (specialized) metabolites Historical name for metabolites produced by 

microorganisms mostly in the stationary phase of 

growth in laboratory cultivations and considered to be 

non-essential for survival (in contrast to primary 

metabolites). However, the term “secondary” does 



2 
 

neither reflect the real function nor the timing of 

production of several of these metabolites in nature. 

For this reason the term “specialized” is increasingly 

used in connection with metabolites functioning as 

signals in microbial interactions.   

Volatile organic compound Small molecular weight compounds with low boiling 

points and a high vapor pressure. 

Quorum sensing Mechanism how microorganisms sense community 

and coordinate its behavior by production of chemical 

compounds (autoinducers, peptides and microbial 

hormones). 

Hormesis A process in a cell or organism that exhibits biphasic 

dose response to an environmental compound - low 

dose has stimulating or beneficial effect and a high 

dose inhibitory or toxic effect. 
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