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Abstract

The role of microbes in sustaining agricultural plant growth has great potential consequences for 

human prosperity. Yet we have an incomplete understanding of the basic function of rhizosphere 

microbial communities and how they may change under future stresses, let alone how these 

processes might be harnessed to sustain or improve crop yields. A reductionist approach may aid 

the generation and testing of hypotheses that can ultimately be translated to agricultural practices. 

With this in mind, we ask whether some rhizosphere microbial communities might be governed by 

“keystone metabolites”, envisioned here as microbially produced molecules that, through 

antibiotic and/or growth-promoting properties, may play an outsized role in shaping the 

development of the community spatiotemporally. To illustrate this point, we use the example of 

redox-active metabolites, and in particular phenazines, which are produced by many bacteria 

found in agricultural soils and have well-understood catalytic properties. Phenazines can act as 

potent antibiotics against a variety of cell types, yet they also can promote the acquisition of 

essential inorganic nutrients. In this essay, we suggest the ways these metabolites might affect 

microbial communities and ultimately agricultural productivity in two specific scenarios: i) 

biocontrol of beneficial and pathogenic fungi in increasingly arid crop soils and ii) promotion of 

phosphorus bioavailability and sustainable fertilizer use. We conclude with specific proposals for 

future research.

Introduction

The realization that resident microbes are intimately connected to human health is one of the 

most important conceptual awakenings that has swept the field of microbiology over the past 

two decades. Today, thousands of researchers are dedicated to studying various aspects of 

the human microbiome, and the potential for basic research to change disease treatment in 

our lifetimes is very real. While this progress is inspiring, we contend that studying 

rhizosphere microbiomes (i.e. microbial communities in soils in the vicinity of plant roots) is 

as important to sustaining global human health as studying the human gut microbiome.
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Though plant-microbe interactions is a venerable field, relative to their importance, studies 

of rhizosphere microbiomes have not received the attention they deserve. Our impetus to 

spotlight this area of research stems from the vital roles microbes play in agriculture and the 

uncertain future of food security in a changing climate [1, 2]. We approach this topic from 

the perspective of basic science, in particular microbiology, and propose that a fundamental 

understanding of the functioning of rhizosphere communities will be an essential part of 

predicting and responding to future agricultural stresses. Moreover, like animals, plants 

evolved in a microbial world (Figure 1A). Understanding how the rhizosphere microbiome 

can be tuned to sustain plant health in the face of future threats such as climate change and 

diminishing mineral nutrient reserves (Figure 1B,C) is a challenging and vital task.

How do we understand the functioning of any microbial community? Advances in 

sequencing technologies have revolutionized our ability to identify which microbes are 

present and which genes they are expressing in soils and other habitats, but our 

understanding of what drives their activities spatiotemporally is poor. While it is well-

appreciated that diverse physical, chemical, and biological factors sustain and structure all 

microbial communities, we lack a framework that defines the importance of these factors at 

different stages in community development; defining such a hierarchy can be considered the 

grand challenge of the field. We propose that meeting this aspirational goal may benefit from 

a reductionist approach. Intuitively, not everything is likely to be equally important all the 

time; therefore, identifying the dominant factors that operate at different stages of microbial 

community development, under different environmental conditions, could lead us towards a 

predictive understanding. In this spirit, we introduce the concept of “keystone metabolites”. 

In loose analogy to the more familiar term “keystone species” from macroecology, where an 

individual species has a disproportionate impact on an ecosystem—such as the effect of 

starfish on the composition of the intertidal zone [3], we define keystone metabolites as 

microbially-produced molecules that play critical roles in shaping a microbial community. 

Our usage of “keystone” is more expansive than the classical definition: we define keystone 

metabolites as playing multiple roles in an ecosystem, not just one. While many keystone 

metabolites may exist, we posit that certain ones may have outsized effects in particular 

environments spatiotemporally, such that, if they were removed, the microbial community 

would look and behave completely differently.

How might we begin to test this idea? The first steps are to identify potential keystone 

metabolites of environmental importance, the interactions they mediate under different 

conditions, and experimental systems where their presence can be controlled and their 

impact measured. By way of illustration, for the remainder of this essay, we will discuss the 

potential for microbially-produced redox-active metabolites (RAMs) to function as keystone 

metabolites. RAMs fall under the broad categories of “natural products” or “secondary 

metabolites”, come in many different forms, and are produced by many different types of 

soil bacteria. Though produced and reactive intracellularly, RAMs are secreted and can also 

react extracellularly, exchanging electrons with different reaction partners. RAMs thus 

function as “electron shuttles”, accepting electrons from and donating electrons to diverse 

soil constituents (Figure 2A,B). For example, in oxic environments, reduced RAMs can 

react with molecular oxygen and generate toxic reactive oxygen species [4], whereas in 

anoxic environments, if ferric iron (Fe) minerals are present, reduced RAMs can reductively 
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liberate iron [5]. RAMs are attractive putative keystone metabolites precisely due to this 

versatile chemical reactivity: while potentially toxic, they can also play beneficial roles for 

their producers, including serving as signaling agents, supporting energy conservation under 

anoxia, and even facilitating nutrient acquisition—which of these roles dominates at any 

given instance can be predicted according to local environmental conditions [6]. Equally 

importantly, RAMs affect cells differently depending on their cell type and/or physiological 

state—for example, certain cells possess conserved machineries (transporters, oxidative 

stress defenses, repair enzymes, etc.) that defend them against RAM toxicity and/or are 

induced selectively [6].

Considering RAMs in crop soils provides a specific context wherein to develop our 

“keystone metabolite” hypothesis. Specifically, we examine how a diverse array of RAMs—

exemplified by the well-studied and potentially agriculturally-important phenazines [7]—

may be surprisingly relevant to two important challenges facing modern agriculture: 

modulating rhizosphere microbial community membership to sustain plant growth (e.g. 
controlling pathogenic vs. beneficial fungi; section 1) and improving phosphorus (P) 

retention and bioavailability (section 2). We conclude with a brief discussion of questions 

that could guide future research on these topics.

Section 1: RAMs as Microbial Interaction Mediators

The idea that RAMs can influence microbial communities is not new. Some of the best 

studied models are phenazines, colorful secondary metabolites that are made by many 

species of soil-dwelling Actinobacteria and Proteobacteria, including pseudomonads. 

Phenazines such as the environmentally relevant phenazine-1-carboxylic acid (PCA, Figure 

2A) are well known to suppress or exclude a number of pathogens from agricultural crops, 

especially fungi [7]. Perhaps the best-known example of this is the requirement of PCA-

production for pseudomonads that are capable of suppressing Gaeumannomyces graminis 
var. tritici, the fungal pathogen that causes take-all disease in wheat [8]. Other phenazines 

such as phenazine-1-carboxamide can also inhibit fungal pathogens, like Fusarium 
oxysporum f. sp. radicis-lycopersici, a cause of root rot in tomato plants [9]. This notion of 

fungal suppression by bacterially-produced phenazines extends into non-rhizosphere 

environments, such as phenazine-mediated suppression of Candida albicans and Aspergillus 
fumigatus in the context of the cystic fibrosis lung [10, 11]. The antimicrobial effects 

phenazines exert on fungi are thought to be linked to their redox activity, at least partially 

due to their ability to create reactive oxygen species and/or destabilize the electron transport 

chain, resulting in lowered ATP [10]. As soils become more arid and thus oxic for longer 

periods of time due to climate change, we propose these mechanisms will matter in 

considering how this class of RAMs may act as keystone metabolites.

Prior to elaborating on how phenazines may shape current and future rhizosphere microbial 

communities, let us consider how the microbiome may be tuned to promote plant health. 

Increasing temperatures represent a threat to farming, and warming in the period between 

1981 and 2002 was estimated to have caused an annual combined loss of 40 mega-tons of 

primary food crops (wheat, maize and barley) worth $5 billion per year as of 2002 [12]. One 

promising approach to boosting crop yields may be to apply beneficial microbes to the 
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rhizosphere that help plants withstand environmental stress. While nitrogen-fixing bacteria 

are well-known for their symbiotic relationships with legumes, here, we focus on the 

broader potential of fungi to help plants thrive. Despite the fact that certain fungal pathogens 

destroy a significant portion of food crops annually, there are many more beneficial fungi 

that promote tree and shrub growth by helping plants draw in water, scavenge nutrients from 

the soil, aid in stress tolerance and repel pathogens; indeed, almost all plant species have 

symbiotic relationships with fungi [13, 14]. Recent studies involving wheat, rice, and 

tomatoes indicate plant growth promoting fungi can also play a role in crop robustness [15–

17]. These observations suggest that existing or added fungi merit consideration with respect 

to food security.

How are soil fungi likely to be impacted by an altered, drier climate? The results of 

environmental manipulation experiments have not yet reached a clear consensus, with 

increased warming only sometimes showing a change in fungal community composition or 

altered fungal abundance across a broad array of fungal taxa and niches [18, 19]. While 

some of this variation is likely attributable to the niche and host plant species studied, the 

wide range of findings is striking. Intriguingly, a global study of Earth’s topsoils found that 

while environmental variables were strongly correlated with bacterial populations, they were 

only weakly correlated with fungal populations [20]. Yet for specific food crops, arbuscular 

mycorrhizal biomass was demonstrated to decrease under arid conditions [21]. Given the 

challenge of predicting the fate of soil-dwelling fungi in response to environmental 

variables, it is worth considering whether interactions with bacteria in the rhizosphere may 

be more important in driving fungal fate than changing abiotic variables per se.

Notably, fungal communities can be shaped by rhizosphere bacteria [20]. We can now ask, 

how might RAM producing bacteria fit into this picture? As noted above, it is well-

established that RAMs such as phenazines can inhibit pathogenic fungi [7–9]; by extension, 

we would expect that beneficial soil fungi should also be susceptible to phenazine assault. It 

is therefore an intriguing possibility that RAM production may shape the rhizosphere 

community by acting on both pathogenic and beneficial fungi. There is significant indirect 

evidence supporting the hypothesis that bacteria help govern fungal activity geographically. 

Globally, one study of Earth’s soils revealed an inverse relationship between trends in fungal 

and bacterial biomass across several climate zones [20]. Intriguingly, an inverse relationship 

in gene functional diversity between bacteria and fungi was seen in the same study, 

indicating that the genetic richness of bacteria and fungi do not peak concurrently even in 

environments that can support both types of organisms. Taken together, this suggests that 

inter-domain competition is prevalent in rhizosphere microbial communities.

Could RAMs such as phenazines shape future fungal-bacterial interactions as the climate 

changes? Intriguingly, bacterial populations in more arid environments exhibit lower 

taxonomic diversity and skew toward phenazine-producing clades such as Actinobacteria 
and certain Proteobacteria [22]; drier agricultural fields are enriched in phenazine-producing 

bacteria such as pseudomonads, while fields of the same soil type in the same geographic 

region that receive more moisture are not [23, 24]. Given that phenazine toxicity is linked to 

redox reactions with oxygen, and that drier soils are more permeable to oxygen, it stands to 

reason that the same concentration of soil phenazines may be more inhibitory to microbial 
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communities in areas that experience lower precipitation as a consequence of climate 

change. Therefore, fungal populations in drying agricultural regions may be endangered by 

increases in the abundance of phenazine-producing bacteria as well as the oxygen-enhanced 

potency of phenazines that they produce, a potential future consequence that requires 

awareness of how an endogenous bacterial metabolite can interact with changing abiotic, 

environmental variables (Figure 2B,C). That is, the abiotic stresses of climate change may 

be primarily translated into biotically-induced stressors for fungi.

While phenazine stress may increase in drier soils, the role of phenazines is likely to be 

more complex than simply killing competitors [6]. For instance, some studies have shown 

the minimal inhibitory concentration of PCA against certain filamentous fungi to be in the 

10s or 100s of μM [25], far higher than their bulk concentration in soil (100s of nM range) 

[23]. While the true concentration may be higher in close proximity to phenazine producing 

bacteria, and the toxicity of PCA can be strongly altered by local pH (Figure 2A), bulk PCA 

concentrations suggest that some fungal or bacterial competitors may be merely slowed in 

their growth and not eliminated. Adding to the notion that the effects of phenazines are 

likely to vary spatiotemporally, it has been found that although phenazine production 

facilitates Pseudomonas fluorescens colonization of plant roots, the rest of the bacterial 

community was not significantly affected by phenazine production [26]. This points to 

phenazines serving multiple roles within rhizosphere microbiomes, as has been suggested 

for other antibiotics [27].

Because RAM activities are affected by oxygen, pH and water potential, RAMs may act as 

keystone metabolites for microbial communities by virtue of integrating abiotic 

environmental parameters and biotic interactions. The impact environmental variables can 

have on the toxicity of RAMs paints a nuanced picture of metabolites that may engage in a 

balancing act: some RAM stress may improve plant health by suppressing specific fungal 

pathogens, but too much may shift the microbial community away from an optimal 

composition of beneficial fungi. Several factors must be considered when predicting how 

keystone metabolites may shape microbial communities. For example, local 

microenvironmental gradients of moisture, pH and oxygen levels would be expected to 

influence the community’s developmental outcome by impacting RAM abundance and 

toxicity, but so might the presence of protective bacteria. Strikingly, on a global level, fungal 

abundance positively correlates with the presence of bacterially-derived redox-stress 

tolerance genes in soil as well as bacterial populations that may produce phenazines [20]. 

Although it has been suggested these genes may be present to protect bacteria from fungally 

produced antibiotics, it is also possible that some bacteria housing these redox-stress 

tolerance genes may act as protective partners to members of the fungal community.

Given that many fungi in the rhizosphere are sensitive to RAM assault and yet are often 

found living in proximity to RAM producers, the hypothesis that protective partnerships 

exist is worth testing and may have relevance in applied agriculture. As depicted in Figure 

2C, helper bacteria could provide protection to fungal partners, allowing them to enter the 

rhizosphere space even in communities that produce greater RAM stress due to increased 

abundance and toxicity of phenazines in drier soils. Depending on the nature of the fungus 

(pathogenic or beneficial) this might have very different outcomes for plant growth. Notably, 
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fungi can form associations with bacteria living on or in their hyphae, particularly with the 

Burkholderiaceae family [28]. Our preliminary findings suggest that some protective 

bacteria can exist in partnership with desirable fungal species, protecting them against RAM 

stress; whether such relationships have relevance in crop rhizospheres is an intriguing open 

question.

Section 2: RAMs as Weathering Molecules

Any gardener knows that, along with nitrogen, phosphorus is a key component of fertilizer. 

What is less well appreciated is that unlike nitrogen, which can be “fixed” through nitrogen 

fixation, P needs to be mined from phosphate rock. This can be either through the secretion 

of enzymes and metabolites by plants and microorganisms or industrial mining by humans 

for agricultural fertilizers. Due to this necessity for mineral extraction, P is often considered 

as the ultimate control on primary productivity over geologic time scales. On much shorter 

time scales, agriculture relies on a finite supply of phosphate rock, and while the topic is 

much debated, future shortages of phosphate fertilizers are predicted by some (Figure 1C, 

[29]). The severity of any future phosphate limitation will depend at least in part on our 

capacity for adaptation through more sustainable and efficient use of P fertilizers. One 

particular challenge is that phosphorus (usually in the form or phosphate) often adsorbs to 

iron minerals in soils, making it difficult to maintain P bioavailability. At the same time, 

attempts to combat low P bioavailability through excess fertilizer application can lead to P 

runoff and eutrophication, a process where excess nutrient inputs to water bodies stimulate 

algal blooms and subsequent heterotrophic consumption of these blooms draws down 

oxygen, ultimately harming aquatic life.

We contend that, in this context, RAMs and other secondary metabolites might increase P 

solubility, effectively serving as a catalyst for P weathering by reducing Fe minerals and 

liberating adsorbed P needed for plant and microbial growth. The proposal that RAMs have 

roles in P weathering is motivated by: i) evidence that redox-active ‘natural organic matter’ 

found in soils can solubilize mineral-adsorbed P by reductively dissolving Fe minerals, a 

feat that should also be achievable by many RAMs and ii) the intriguing finding that the 

production of some RAMs is increased under P limitation, suggesting the process may be 

used to alleviate microbial P stress. As we will discuss here, studying RAMs may allow for 

the controlled investigation and potentially the manipulation of chemical transformations 

that are important to soil function but technically challenging to study.

While a link between secondary metabolites and weathering may initially seem foreign, the 

idea is inspired by similarities between RAMs and compounds found in natural organic 

matter that are known to contribute to mineral weathering. Natural organic matter is a 

catchall term for the mix of molecules produced by plants and microbes as well as the 

degradation products that arise as biomass is slowly broken down in soils. Although the 

details remain mostly ambiguous, as a whole, the various acids, metal binding agents, and 

redox-active molecules in natural organic matter are thought to facilitate the weathering of 

soil minerals. Of particular relevance for this discussion are humic substances (humics), a 

loose category of redox-active molecules produced during the decomposition of biomass. 

Humics engage in electron transfer reactions and facilitate Fe mineral reduction [30]. It is 
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well understood by soil scientists that this reduction of Fe minerals can release adsorbed P 

through the processes of ‘reductive dissolution’ whereby ferric iron (Fe3+) is reduced to 

ferrous iron (Fe2+), thus dissolving the ferric mineral to which P is sorbed [31]. Additions of 

anthraquinone-2,6-disulfonate (AQDS, a molecule that is often used as an experimental 

model for humics and is structurally similar to phenazines [32]), have been shown to 

increase the amount of soluble phosphorus present in soils [33]. AQDS treatments also led to 

concomitant increases in Fe2+, supporting the idea that AQDS solubilizes P via reductive 

dissolution.

Given the chemical similarities between RAMs and humics, could secondary metabolites 

such as phenazines facilitate P solubilization in the same way? Work in our lab has 

established that analogous to humics, phenazines can indeed reduce Fe minerals [5]. The 

capacity for phenazines to solubilize P still remains to be tested, but there is some evidence 

that Fe reduction by phenazines occurs in crop soils. Phenazine producing bacteria have 

been shown to alter Fe minerals in the wheat rhizosphere [34], raising the possibility that 

phenazine-facilitated reductive dissolution could be relevant for P solubilization in 

agricultural contexts. The potential link between P and phenazines is further strengthened by 

long-standing observations showing that pseudomonads, which are well studied phenazine 

producers, increase production of these RAMs in response to P limitation [35]. This 

correlation implies that microbes may use phenazines deliberately to obtain P under limiting 

conditions.

That RAM production can be regulated by environmental factors like P limitation is an 

important distinction between these molecules and others found in natural organic matter; 

one that has practical consequences. Unlike humics, where the source is unknown and 

innumerable structural variants exist, RAMs are produced by microbes that can be isolated 

and cultured in the lab. Many RAMs have well-studied biosynthetic pathways, the regulation 

of which can be queried directly using genetic techniques as well as by monitoring microbial 

metabolite production in response to environmental stimuli. Controlled biosynthetic 

regulation may also distinguish RAMs from other microbially secreted components of 

natural organic matter like organic acids (which can also aid in mineral solubilization) where 

regulation is not fully understood, and in some cases, production may be constitutive. Many 

metabolites with redox properties comparable to phenazines can be found in soils. It is our 

hope that by focusing on experimentally tractable examples likes phenazines and studying 

the conditions that stimulate their production, we may be better able to decipher the 

processes governing chemical transformations in soils and potentially to harness them for 

agricultural productivity.

The weathering functions of RAMs, and other secondary metabolites, may be important to 

their putative role as keystone metabolites. If, as we suspect, RAMs truly increase P (and Fe) 

bioavailability in the environment, then this can be considered as a service that benefits the 

entire microbial community, not just the RAM producer. Additionally, the ability of RAMs 

to solubilize P depends on their redox activity (Figure 2B). In order to react with Fe 

minerals, RAMs must be in their reduced state. Redox reactions between reduced RAMs and 

Fe minerals yield oxidized RAMs that are no longer capable of solubilizing P. However, soil 

dwelling organisms are well known for their capacity to (re)-reduce a wide range of organic 
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molecules including humics as well as phenazines, a process often understood to be driven 

by the need for electron acceptors in the absence of oxygen [30, 32]. This raises the 

possibility that RAMs might be cycled by the microbial community. If true, relative to their 

concentration, RAMs may play an outsized role in nutrient solubilization: even a small 

concentration of these metabolites might be cycled many times. An open question is whether 

RAMs increase plant access to mineral nutrients like P and Fe, a function that might allow 

them to make even more drastic contributions to ecosystem structure.

Clearly more experiments are needed to determine whether RAMs and other secondary 

metabolites influence P bioavailability. However, at the very least, these observations 

warrant further studies focused on the biological basis for P regulation of these metabolites 

as well as their abiotic reactions with soil P sources.

Conclusions and Future Priorities

We have much to learn about how microbes organize themselves into productive 

communities in any environment. But challenges to food security in the context of climate 

change and potential mineral reserve depletion make it particularly important that we gain a 

mechanistic understanding of the rhizosphere microbiome. Microbes co-evolve with their 

environment, and can be expected to do so in the face of future challenges. If we can identify 

“keystone metabolites” that mediate this success and understand how they do so 

spatiotemporally, such insights may inform future, more sustainable, agricultural practices. 

Recognizing that RAMs are but one variable among many that shape rhizosphere ecology, 

we nevertheless believe focusing on these molecules may help us generate specific testable 

hypotheses about microbial interactions in the rhizosphere, including in an applied context.

An increased understanding of the ways RAMs impact plant colonization by beneficial and 

pathogenic fungi may allow us to conceive adaptive practices that support healthy 

rhizosphere communities. Such efforts should be informed by existing knowledge about the 

links between RAM toxicity and the abiotic and biotic microenvironment. As discussed in 

section 1, RAM producers appear more abundant on plant roots in drier conditions. If RAMs 

do not simply eliminate but instead modulate the growth and behavior of certain microbes as 

a function of local conditions, we would expect RAMs to exert very different effects on a 

rhizosphere microbiome depending on when in its development they are introduced and the 

accompanying microenvironmental conditions. For example, one possible intervention to 

foster the colonization of plant growth-promoting fungi might be to employ irrigation for a 

short period of time early in a plant’s life to inhibit RAM producers that could threaten fungi 

under an oxic environment, yet be neutral, or even beneficial to other members of the 

microbial community later in its development as certain microenvironments become anoxic, 

such as those within aggregate biofilms [6]. While this strategy may be naive, testing it is 

readily achievable with defined microbial communities and appropriately resolved 

spatiotemporal imaging studies for model plant systems.

Based on the mechanism for RAM solubilization of P introduced in section 2, might it also 

be possible to engineer chemical or microbial additives to foster P bioavailability and more 

sustainable use of P in agriculture? The most basic first set of experiments could focus on 
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abiotic studies of the reactions between RAMs and soil P species, followed by quantifying 

RAM P solubilization in soils and the effects on plant and microbial growth. The concept 

that soil microorganisms might be used to promote P bioavailability is well-established [36] 

and many bacterial soil isolates are known to secrete acids, a strategy that helps dissolve P-

containing minerals such as calcium phosphate and hydroxyapatite rather than reductively 

liberating P that is adsorbed to iron minerals. Acid production is also one of the ways that 

fungi can increase plant P bioavailability. Revisiting this idea with P-regulated RAMs may 

allow us to gain a more detailed understanding of the timing of metabolite production as 

well as the solubilization of mineral-adsorbed vs mineral P sources. Potential synergies 

between these different P-solubilization strategies (acidification and RAM production) and 

different P-solubilizing organisms (fungi and bacteria) might also be explored. The fact that 

RAMs have well understood biosynthetic pathways allows relevant RAM producers to be 

easily identified from their genomes. Many RAM biosynthetic genes clusters are fairly 

modular and could potentially be mobilized, opening the possibility of extension to 

bioengineering.

We have highlighted diverse potential roles for RAMs in shaping crop rhizospheres. 

Understanding how these different functions fit together in complex soil environments is a 

formidable challenge. Regardless of whether RAMs turn out to be agriculturally important 

“keystone metabolites”, we hope this essay will stimulate future research into the 

mechanisms underpinning rhizosphere microbial interactions under changing environmental 

conditions. Such efforts should be prioritized to enable adaptive solutions to challenges 

facing agriculture in the coming decades.
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Figure 1. 
Plants evolved in a microbial world, interactions with microbes may shape their adaptations 

to future changes. A) Simplified timeline of plant and microbial evolution based on [37–40]. 

Figure is intended as a general summary, literature values can vary by several hundred 

million years from those shown and are constantly being refined. Viridiplantae refers to 

green algae, from which land plants (embryophytes) evolved. The figure interprets 

mycorrhiza broadly as any symbiotic relationship between a plant and a fungus. Fossil 

evidence of plant-fungal interactions can be found as early as 407 million years ago. 

Mycorrhizal fungi are proposed to have been integral to plant evolution and colonization of 

terrestrial environments (reviewed in [40]) and are placed at ~500 million years ago, 

concurrent with land plant evolution. B) Continued warming (dashed red line) and 

concomitant soil aridity may alter existing rhizosphere interactions between fungi and 

bacteria, possibly affecting plant health, as discussed in section 1. Graph shows global 

temperature anomaly for years 1994–2018, compared to baseline period of 1951–1980. 

Black line is global annual mean, grey shading represents annual uncertainty at a 95% 

confidence interval, solid red line is the 5-year lowess smooth. Full dataset and all analysis 

are from the National Aeronautics and Space Administration, data as well as details on 

uncertainty and smoothing can be found at: https://data.giss.nasa.gov/gistemp/graphs. C) 

Potential future shortages in the supply of phosphate rock (dashed blue line) used for 

fertilizers [29] may require more sustainable agricultural practices for P management as 

discussed in section 2. Global phosphate rock production as reported by the United States 

Geological Survey. Data were extracted from reports spanning the years 1994–2018: https://

www.usgs.gov/centers/nmic/phosphate-rock-statistics-and-information.
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Figure 2. 
Roles for RAMs in promoting agricultural productivity. A) Phenazine-1-carboxylic acid 

(PCA), one of the primary RAMs produced by soil bacteria. The acid-base and redox 

chemistry of PCA are dictated by the chemical microenvironment and may affect PCA 

toxicity. At lower pH, PCA is uncharged and hence more cell permeable and harmful. When 

oxygen levels are high, PCA can react with oxygen to produce toxic reactive oxygen species 

(ROS). B) Phenazines such as PCA can react with diverse oxidants, including oxygen and 

ferric iron (Fe3+) minerals. The reaction between oxygen and reduced phenazines produces 

toxic ROS such as O2. In contrast, the reaction between ferric iron minerals and reduced 

phenazines produces ferrous iron (Fe2+) and may also help solubilize mineral-adsorbed 

phosphorus (P, usually in the form of phosphate), through the process of reductive 

dissolution. The amount of oxygen in the environment dictates which of these reactions will 

proceed. Phenazine producing cells as well as non-producing microbial community 

members can re-reduce phenazines thus allowing these metabolites to be cycled. Phzox 

represents an oxidized phenazine, phzred represents a reduced phenazine. C) Fungal 

organization in the rhizosphere may be partly determined by bacterially-produced RAMs. 

Both the concentration and redox state of RAMs (indicated by size and color, respectively of 

the orange/pink circle), will change with soil aridity. Left: Hypothetical RAM production 

and beneficial fungal colonization of a plant rhizosphere in modern conditions. Center: 
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Increased future soil aridity may favor RAM producing bacteria and increase the toxicity of 

RAMs due to higher oxygen penetration of the soil and concomitant ROS production, 

potentially excluding beneficial fungi. Right: Native or added helper bacterial partners (blue) 

that protect against RAMs may decrease RAM stress and allow for the establishment of 

beneficial fungi in drier soils. Note that a similar scenario involving pathogenic fungi is also 

possible, with the partner bacterium instead becoming an aid to plant pathogenesis rather 

than plant growth promotion.
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