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Significance

Plant–microbe interactions in the 
rhizosphere affect plant growth, 
carbon storage, and agriculture 
and are frequently governed by 
small molecules called secondary 
metabolites. We tested the idea 
that plant coumarins and 
bacterial phenazines, redox-
active secondary metabolites 
capable of performing the same 
function (iron solubilization) 
might have distinct chemical 
niches. We found that coumarins 
solubilized iron and stimulated 
microbial growth under high and 
low oxygen and pH. Phenazines 
were restricted to low oxygen 
and pH but growth on glucose 
alleviated this restriction by 
allowing microbes to shift the 
phenazine redox state. Because 
root exudates are a major source 
of rhizosphere carbon, our 
results also suggest that plants 
may indirectly influence bacterial 
metabolite reactivity by altering 
carbon release.
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Secondary metabolites are important facilitators of plant–microbe interactions in the 
rhizosphere, contributing to communication, competition, and nutrient acquisition. 
However, at first glance, the rhizosphere seems full of metabolites with overlapping 
functions, and we have a limited understanding of basic principles governing metab-
olite use. Increasing access to the essential nutrient iron is one important, but seem-
ingly redundant role performed by both plant and microbial Redox-Active Metabolites 
(RAMs). We used coumarins, RAMs made by the model plant Arabidopsis thaliana, 
and phenazines, RAMs made by soil-dwelling pseudomonads, to ask whether plant 
and microbial RAMs might each have distinct functions under different environ-
mental conditions. We show that variations in oxygen and pH lead to predictable 
differences in the capacity of coumarins vs phenazines to increase the growth of 
iron-limited pseudomonads and that these effects depend on whether pseudomonads 
are grown on glucose, succinate, or pyruvate: carbon sources commonly found in 
root exudates. Our results are explained by the chemical reactivities of these metab-
olites and the redox state of phenazines as altered by microbial metabolism. This 
work shows that variations in the chemical microenvironment can profoundly affect 
secondary metabolite function and suggests plants may tune the utility of microbial 
secondary metabolites by altering the carbon released in root exudates. Together, 
these findings suggest that RAM diversity may be less overwhelming when viewed 
through a chemical ecological lens: Distinct molecules can be expected to be more 
or less important to certain ecosystem functions, such as iron acquisition, depending 
on the local chemical microenvironments in which they reside.

phenazine | coumarin | pseudomonas | redox | secondary metabolite

Secondary metabolites are increasingly appreciated for their role in regulating plant–
microbe and microbe–microbe interactions in the rhizosphere (1–4). Yet, the rhizosphere 
is home to numerous plant and microbial metabolites with seemingly chemically redun-
dant properties. This presents a paradox: If these molecules are in fact redundant, why are 
there so many of them? One potential answer is that our ability to assess their functional 
redundancy has been limited by an imperfect understanding of the different chemical 
niches they occupy. Considering the steep chemical gradients that characterize most micro-
bial systems (5–8), it is tempting to speculate that dynamic chemical changes in time and 
space might impose constraints upon the reactivity of secondary metabolites, conferring 
more nuanced functions and greater specificity to these molecules. In other words, a 
chemical ecological framework might help explain this apparent paradox.

Testing this idea demands specificity, thus we focused on the essential metal iron (Fe) 
and its role in soil ecosystems. Increasing access to iron is one important, incompletely 
understood role for soil secondary metabolites. In oxygenated environments, iron often 
precipitates as Fe(III)-oxyhydroxides, which can be relatively unavailable. Plants and 
microbes have developed several strategies to increase iron bioavailability: The production 
of Fe(III)-binding molecules such as siderophores or phytosiderophores, the reduction of 
Fe(III) to Fe(II) by Redox-Active Metabolites (RAMs), and rhizosphere acidification (9). 
Siderophore and RAM production is widespread in bacteria, with many organisms pro-
ducing both types of metabolites. Secondary metabolite production is more divided in 
plants—true grasses tend to make phytosiderophores, while RAM production is used by 
all other plants (9).

It has long been recognized that siderophores, which form complexes with iron that 
can only be accessed via specialized molecular machinery, might facilitate microbial com-
petition by regulating access to iron (10–14). Recent work with synthetic microbial com-
munities has shown that the presence of different siderophore producers can shape 
rhizosphere microbial communities, contributing to both the suppression and proliferation 
of plant pathogens (2, 15). We know far less about the role of RAMs than siderophores 
in regulating iron availability in soil microbial communities, and most studies (on both 
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RAMs and siderophores) have focused on either plant or microbial 
metabolites rather than interactions between the two. Yet, much 
evidence points to RAMs as important players in soil iron cycling 
and the chemical properties of RAMs make them particularly 
sensitive to changes in chemical conditions, suggesting that dif-
ferent RAMs may be more or less useful in different environmen-
tal contexts.

As a test case, we focused on plant coumarins and bacterial 
phenazines, well-studied model RAMs that are likely to co-occur 
in the rhizosphere. Coumarins are made by numerous plants 
including the model plant Arabidopsis thaliana (16) and are crucial 
for plant growth under iron limitation (17–20). Studies exploring 
the effects of coumarins on rhizosphere bacteria have focused on 
their toxicity (mostly through the generation of reactive oxygen 
species, ROS) and capacity to suppress specific members of the 
root microbiome (3, 4, 16). The potential growth benefits of cou-
marins for iron-limited soil bacteria and any interactions with the 
endogenous metabolites made by these organisms remain largely 
unexplored. Phenazines are one such set of bacterially-produced 
RAMs, which, like coumarins, have antibiotic properties owing 
to ROS generation, but can also help to solubilize iron (21–23). 
Phenazines are made by numerous soil-dwelling bacteria (24), and 
in pseudomonads, some of their best-studied producers, phena-
zines have been shown to liberate excess quantities of iron needed 
to promote biofilm formation (25).

Despite their seeming similarities, differences in the reactivities 
of coumarins and phenazines hint that these metabolites may be 
useful for iron solubilization under different conditions (Fig. 1). 
RAMs liberate iron through electron transfer from the metabolite 
to Fe(III), which means that RAMs are only able to solubilize iron 
in their reduced, electron carrying state. Reduced phenazines are 
highly reactive with oxygen, often reducing O2 to O2

− (21), a 
process that oxidizes the phenazine. Reduced coumarins, in con-
trast, appear to be less reactive with oxygen (26, 27). In addition, 
phenazines are (re)reduced by pseudomonads; reducing power, in 
the form of a carbon source, is essential for this process (28, 29). 
The importance of carbon source for phenazine reduction is espe-
cially intriguing in the rhizosphere where plant root exudates are 
a key source of carbon, raising the possibility that changes in these 
exudates may alter secondary metabolite utility.

We hypothesized that variations in oxygen, pH and carbon 
source might shift RAM redox state, creating distinct chemical 
niches for coumarins as opposed to phenazines. Our work centers 
on the specific case of RAM solubilization of iron, but our primary 
goal was to explore the broader idea that secondary metabolites 
might be better understood through consideration of their local 
chemical context. We tested this idea through chemical charac-
terizations of coumarins and phenazines as well as growth exper-
iments with pseudomonads cultured under different oxygen 
tensions, across varying pH, and on succinate, glucose, and pyru-
vate—carbon sources found in root exudates (30–32). Our results 
shed light on the chemical ecology of iron solubilization by RAMs 
in the rhizosphere and suggest a previously unappreciated mech-
anism by which root exudates may tune the utility of microbial 
secondary metabolites.

Results and Discussion

Structurally Diverse Coumarins Have Different Redox Potentials 
and Reactivities with Iron and Oxygen. Both coumarins and 
phenazines can reduce Fe(III) (19, 21, 33). As a basis for identifying 
the different chemical niches that they might occupy, we used 
cyclic voltammetry (CV), a standard electrochemical method for 
the characterization of redox-active metabolites (34). Many studies 
have probed the electrochemical properties of various coumarins 
and phenazines; however, few have compared voltammograms 
across metabolites and pH. In order to capture a range of 
coumarin structures we tested: coumarin, 7,8-dihydroxycoumarin 
(daphnetin), 7,8-dihydroxy-6-methoxycoumarin (fraxetin), and 
7-hydroxy-6-methoxycoumarin (scopoletin). Coumarin forms 
the base scaffold for the other molecules. It was the first to be 
discovered and was isolated from Coumarouna odorata, providing 
the namesake for the group of molecules (35). Fraxetin and 
scopoletin are frequently detected in roots exudates from A. 
thaliana, with scopoletin being especially abundant (4, 17). 
Daphnetin is produced by members of the Daphne species. We 
focused on phenazine-1-carboxylic acid (PCA) because this is the 
phenazine most commonly made by soil-dwelling pseudomonads 
and has been detected in plant rhizospheres (36). Daphnetin and 
fraxetin showed clear oxidation and reduction peaks (Fig. 2A), 
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Fig. 1. The chemical ecology of rhizosphere redox-active metabolites (RAMs) may help resolve their seemingly redundant functions. (A) Plant coumarins (green) 
and bacterial phenazines (orange) are both RAMs that aid in iron solubilization, yet it is unknown whether changes in environmental chemistry may favor one 
type of metabolite over another. One notable difference between the metabolites is that phenazines are more reactive with oxygen than coumarins. (B) We 
can predict distinct chemical ecological niches where coumarins and phenazines may be more effective at promoting iron acquisition over a regime defined 
by variable oxygen, pH, and carbon exudate concentrations. Phenazines (orange) may be most useful in environments where they can be easily reduced by 
microbes: under low pH, low O2, and in the presence of reduced carbon sources. Coumarins (green) are not as reactive with oxygen and do not require microbial 
reduction to liberate iron, potentially making them useful across a wide range of environmental conditions. (Cox): carbon oxidation state.
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consistent with reversible redox reactions, as has been previously 
reported (19). In contrast, coumarin did not exhibit redox activity 
and scopoletin showed a complex CV profile with very wide 
peak separation and much higher oxidative than reductive peak, 
suggesting an irreversible reaction. Subsequent scans of scopoletin 
(SI Appendix, Fig. S1) showed a decrease in the oxidative peak 
possibly due to polymerization of oxidation products and 
interactions at the electrode surface (37). As expected, PCA also 
showed reversible redox behavior, although voltammograms were 
slightly more complex at higher pH (Materials and Methods, (21)). 
In addition, the potentials of the oxidative and reductive peaks 
for daphnetin, fraxetin, scopoletin, and PCA shifted with pH, 
as expected for proton-coupled redox reactions (Fig.  2 A and 
C). The different coumarins showed a range of redox potentials, 
with scopoletin being the most positive followed by daphnetin 
and then fraxetin. Consistent with previous findings (19, 21), 
the calculated midpoint redox potentials of all three molecules 
were more than 400 mV more positive than those for PCA 
(Fig. 2A and SI Appendix, Table S1).

We used the ferrozine assay, a colorimetric assay for Fe(III) 
reduction, as a means to probe the reactions between Fe(III), O2, 

and RAMs. In order to reduce Fe(III), RAMs must be in their 
reduced state (Figs. 1A and 2C). If RAMs are oxidized by oxygen 
before they can react with Fe(III), their Fe(III) reduction capacity 
should be diminished. We therefore compared Fe(III) reduction 
in anoxic and oxic conditions. Under anoxic conditions daphne-
tin, fraxetin, and PCA showed clear iron reduction, whereas cou-
marin did not, as expected for a metabolite without redox activity 
(Fig. 2B and SI Appendix, Fig. S2). Scopoletin was slightly more 
complicated, this metabolite did not show Fe(III) reduction at 
pH 7.5 (Fig. 2B) but did show limited Fe(III) reduction at pH 
5.5 (SI Appendix, Fig. S2), consistent with the more positive redox 
potential of this metabolite (SI Appendix, Table. S1), which is 
likely too high to reduce Fe(III) at pH 7.5. Despite all exhibiting 
redox reversibility, daphnetin, fraxetin, and PCA behaved very 
differently when iron reduction experiments were performed 
under oxic vs anoxic conditions. While oxygen had very little 
effect on daphnetin and fraxetin, it stunted iron reduction by 
PCA: Fe(II) accumulation flattened around 10 µM, reflecting the 
rapid oxidation of PCA by oxygen (21, 38). Fe(II) can be rapidly 
oxidized by oxygen, especially at high pH (39) which could also 
account for diminished accumulations of Fe(II) in PCA 
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Fig. 2. Chemical properties of coumarins and the phenazine PCA. (A) Voltammograms showing reversible redox activity of daphnetin, fraxetin, and PCA at pH 
5.5, 6.5, and 7.5. Experiments were conducted with 1 mM metabolite under ambient oxygen (coumarins) or N2 (PCA). The CV profile of scopoletin is complex 
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Note large scale difference in potentials between coumarins and PCA. (B) Iron reduction by different metabolites in the presence (black) or absence (blue) of 
oxygen. Experiments were conducted at pH 7.5 with 40 µM Fe(III) as FeCl3 and 20 µM of each metabolite, Fe(II) was detected with the ferrozine assay and shows 
2:1 metabolite:Fe(II) stoichiometry. See SI Appendix, Figs. S2 and S3 for further controls and experiments at pH 5.5. Duplicate assays are shown as two separate 
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experiments. However, control experiments conducted with Fe(II) 
alone (Materials and Methods and SI Appendix, Fig. S3) showed 
that even under fully oxic conditions, ferrozine rapidly binds 
Fe(II) before it is oxidized. Hence we attribute the decrease in 
Fe(II) accumulations in oxic PCA treatments to the oxidation of 
PCA, not the (re)oxidation of Fe(II). Experiments using air equil-
ibrated PCA (which should be fully oxidized) did not show iron 
reduction under either oxic or anoxic conditions (SI Appendix, 
Fig. S2). In the absence of oxygen, Fe(III) reduction rates were 
highly consistent with redox potentials, with PCA which has the 
most negative redox potential, showing by far the fastest rates 
followed by fraxetin and daphnetin. These experiments suggest 
that daphnetin, fraxetin, and PCA are all redox-active metabolites 
but that daphnetin and fraxetin are not easily oxidized by oxygen 
whereas PCA is.

Coumarins Capable of Fe(III) Reduction Enhance the Growth of 
Iron-Limited Pseudomonads. We next asked whether differences 
in the reactivities of these metabolites translated to their capacity 
to promote the growth of iron-limited pseudomonads. Due to 
the variable iron reduction capacity among coumarins (Fig. 2B), 
we expected that daphnetin and fraxetin, but not coumarin or 
scopoletin, should be able to enhance growth yields. We also 
expected that under oxic conditions, PCA would be unable 
to promote growth. To test this prediction, we induced iron 
limitation in Pseudomonas synxantha and Pseudomonas aeruginosa 
through pregrowth in a defined medium without added iron. 
Both of these pseudomonads natively produce PCA. P. synxantha 
synthesizes only PCA, whereas P. aeruginosa makes PCA in 
addition to several other phenazines (40). To test the capacity 
of these metabolites to enhance growth yield when iron is 
present but relatively unavailable, cultures were supplied with 
a precipitated iron source (hydrous ferric oxides, HFO) and 
supplemented with either 100 µM coumarin, daphnetin, fraxetin, 
scopoletin, or PCA. For these experiments, both coumarins and 
PCA were prepared directly from chemical stocks and stored 
under ambient oxygen conditions without any electrochemical 
reduction. Oxic conditions were maintained during experiments 
through constant shaking of culture flasks. Consistent with our 
expectations, daphnetin and fraxetin enhanced the growth yields 
of both species while scopoletin provided only modest benefits 
and coumarin had no effect (Fig. 3 A and B). Notably, very high 
concentrations of scopoletin in the growth medium of iron-limited 
A. thaliana have been observed (4, 17); hence in natural contexts, 
this metabolite may contribute to iron solubilization simply due 
to its high concentrations. As expected, PCA was also unable to 
rescue growth yields under oxic conditions. Small volume (200 µL)  
plate reader experiments at pH 5.5, 6.5, and 7.5 showed similar 
trends (SI Appendix, Fig. S4). Here overall growth yields increased 
as pH decreased, as would be expected due to increased iron 
availability at low pH (SI Appendix, Fig. S4).

Under iron limitation, pseudomonads make the strong peptidic 
siderophore pyoverdine as well as the much weaker siderophore 
pyochelin (41, 42), molecules that might have complex interac-
tions with coumarins. To control for this, we performed experi-
ments using strains of P. aeruginosa that have mutations in key 
siderophore biosynthetic genes (25). Results from these experi-
ments were similar to those from experiments with wild-type  
P. aeruginosa, suggesting that pseudomonads are able to access 
coumarin-solubilized iron without the aid of siderophores 
(SI Appendix, Fig. S5).

To ensure that growth yield effects were due to increases in the 
iron supply, we repeated our wild type experiments in a growth 
medium where nitrogen was limiting but iron was supplied in a 

soluble form (10 µM Fe, 100 µM EDTA) ethylenediamine-
tetraacetic acid. Under these conditions, none of the added metab-
olites increased the final growth yield (Fig. 3). Instead, in this 
context, daphnetin and fraxetin showed mildly toxic effects lead-
ing to small but significant decreases in growth yield (Fig. 3). The 
mechanisms of iron solubilization by coumarins are complex and 
incompletely understood—In addition to the capacity to reduce 
iron, both fraxetin and daphnetin have iron-binding moieties that 
may allow them to further solubilize and stabilize iron through 
the formation of weak Fe(III) and Fe(II) complexes (19, 43). 
Nonetheless, it is clear that iron reduction is a part of iron solu-
bilization (Fig. 2B) and likely contributes to the observed growth 
effects. These experiments show that under iron limitation, 
redox-active coumarins can enhance the growth yields of pseu-
domonads and that this can occur in fully oxic conditions.

Phenazines Can Enhance Iron-Limited Bacterial Growth under 
Hypoxic, Mildly Acidic Conditions. Phenazines are reduced by 
pseudomonads under a range of growth conditions (28, 29, 44), 
and under hypoxic and anoxic conditions, Pseudomonas cultures 
containing either endogenous or exogenous phenazines can 
reduce various iron sources (38, 44, 45). Hence, we suspected 
that in our experiments phenazines were also being reduced, but 
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that under oxic conditions, they failed to stimulate growth due to 
rapid oxidation by O2 (21). To investigate this, we tested whether 
PCA promoted iron-limited growth under conditions of lower 
oxygen. Rather than switch to growth on anaerobic electron 
acceptors, which introduces complications (nitrate is the only 
anaerobic electron acceptor that promotes significant growth in 
Pseudomonas and N oxides generated during denitrification can 
react with iron and phenazines), we designed a set of experiments 
that allowed for a period of anoxia during which Pseudomonas 
would be able to reduce phenazines. These experiments mimic 
conditions that might occur in soils after rain events or within 
densely growing cultures (6, 46) and allow us to isolate the 
effects of oxygen without introducing fundamental changes in 
metabolism.

Cultures were grown under oxic conditions with 100 µM added 
PCA as previously described. However, in some treatments, flasks 
were allowed to stand statically for ~1 h (permitting oxygen depletion 
by respiration) before being returned to shaking (Fig. 4 A and B). 
Interestingly, when conducted at pH 7.5, this brief anoxic period 
was still insufficient to stimulate iron-limited growth. However, 
when conducted at pH 5.5, bacterial cultures allowed to sit stat-
ically for 1 h showed significantly (P < 0.001) increased cell den-
sities over those that were shaken for the entire experiment (Fig. 4 
A and B). Similar experiments at pH 5.5 with either fraxetin or 
no addition displayed little difference between “static” and shaking 
cultures. In experiments with P. aeruginosa, a few time points 
showed a slight elevation in OD in static treatments, possibly 
owing to reduction of endogenously produced phenazines. 

Overall, these results confirm that the effect is due to PCA rather 
than to any artifacts associated with the treatment.

Measurements of dissolved oxygen during 1-h static incubation 
showed that oxygen is indeed drawn down to below detection 
limits at both pH 5.5 and pH 7.5 (Fig. 4C). Experiments at  
pH 7.5 exhibited slower oxygen consumption rates than at pH 
5.5, likely due to slightly lower cell densities in these experiments 
(Fig. 4A). At high pH, iron is less available and hence final cell 
yields are lower (SI Appendix, Fig. S4 and Fig. 4 A and B) making 
it challenging to match cell densities between treatments. 
Nonetheless, in experiments at both pH 5.5 and pH 7.5 cells 
experienced ≥ 30 min of anoxia, hinting that differences in cellular 
PCA reduction rates, not just the rate of PCA oxidation by oxygen, 
may explain our results. We next sought to isolate the effect of pH 
on PCA reduction by conducting short-term assays of PCA reduc-
tion in the absence of oxygen. These experiments clearly showed 
higher PCA reduction rates at pH 5.5 vs pH 7.5 (Fig. 4D), con-
sistent with previous work (47). The reason for this may be two-
fold. First, PCA reduction is a proton coupled reaction (Fig. 2) 
and hence reduction is favored at low pH. In addition, PCA has 
a pKa of ~4.2 (48) and at high pH will occur as an anion, which 
may be less cell permeable, further decreasing cellular reduction 
rates. Together, these experiments demonstrate that both couma-
rins and phenazines can increase the growth yield of iron-limited 
pseudomonads but that these metabolites are useful in distinct 
chemical niches: with coumarins being largely beneficial under 
oxic and mildly alkaline conditions, and phenazines being most 
beneficial under hypoxic and acidic conditions.
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Fig. 4. PCA stimulates growth of pseudomonads under mildly acidic hypoxic conditions. (A and B) Growth of aerobic cultures of P. synxantha (A) and P. aeruginosa 
(B) maintained under continuous shaking (black) or allowed to sit statically for 1 h (blue, arrow indicates time point at which a 1 h static incubation was conducted) 
with: no addition, 100 µM PCA, or 100 µM fraxetin. Data shown are biological duplicates ±SD. (C) Oxygen consumption during P. synxantha 1 h static incubations 
with PCA (conducted at time point indicated by arrow in A) at pH 5.5 and 7.5. Each line represents one biological duplicate (growth data shown in A). (D)   
P. synxantha short-term PCA reduction rates at pH 5.5 and 7.5. To separate the effects of oxygen and pH, experiments were conducted in an anoxic chamber 
and reflect rates obtained over 60 min. Data shown are from quadruplicate incubations ±SD. All experiments (A–D) were conducted under iron limitation with 
HFO as the iron source and succinate as the carbon source. Significant differences between shaking and static treatments ((A and B), two-way ANOVA) are 
shown for each time point. Difference between PCA reduction rates were calculated using a two-way ANOVA comparing the effects of carbon source and pH 
(Materials and Methods and SI Appendix, Fig. S6).
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The Use of Glucose as a Carbon Source Expands Bacterial Growth 
Promotion by Phenazines to Alkaline and Oxic Conditions. Our 
experiments show distinct chemical microenvironments affect the 
utility of coumarin as opposed to phenazine metabolites with 
respect to iron acquisition. For phenazines, this occurs through an 
increase in phenazine reduction (at acidic pH) and/or a decrease 
in phenazine oxidation as driven by the depletion of oxygen by 
cellular respiration (Fig.  4C). Coumarins were less sensitive to 
changes in O2 and pH, but did show the greatest increase in 
growth yields at alkaline pH (SI  Appendix, Fig.  S4). In these 
experiments, we used succinate as the carbon source, but glucose 
can also stimulate phenazine reduction (28, 29). Respiration may 
also be affected by carbon source, resulting in differential oxygen 
depletion. Given this, we wondered if different carbon sources 
supplied from plant roots might affect phenazine reduction.

To test this, we focused on comparisons between PCA and 
fraxetin, one of the coumarins showing the clearest bacterial 
growth stimulation under oxic conditions (Fig. 3 and SI Appendix, 
Fig. S4). We compared growth on exudate-relevant carbon sources 
with different oxidation states (Cox): glucose (Cox:0), succinate 
(Cox: +1

2
 ), and pyruvate (Cox: +2

3
 ) and performed a set of 

high-throughput plate reader experiments to the test effects of pH 
and oxygen with these carbon sources. Duplicate microtiter plates 
were prepared containing treatments with either 100 µM PCA, 
100 µM fraxetin, or no addition at pH 5.5 and 7.5 with each 
carbon source. Building on our findings showing a positive rela-
tionship between the rate of oxygen depletion and PCA growth 

enhancement when shaken cultures were allowed to incubate 
statically (Fig. 4 A–C), we used shaking and microbial respiration 
to tune oxygen availability. Plates were incubated in parallel, with 
one being shaken at high speeds to promote oxygenation and the 
other being shaken at slow speeds to allow for oxygen depletion. 
Consistent with our previous growth experiments 
(Fig. 3A and SI Appendix, Fig. S4), we found that when succinate 
was the carbon source fraxetin increased the final yield of 
iron-limited P. synxantha at both low and high pH and oxygen 
concentrations (fast shaking) but that PCA only stimulated growth 
at low pH and oxygen tensions (slow shaking), doing so more 
effectively than fraxetin under these conditions (Fig. 5). We 
observed similar trends when equimolar amounts of C in the form 
of pyruvate were used as the carbon source. In contrast, when 
equimolar concentrations of C as glucose were used, PCA increased 
yields even at fast shaking speeds and high pH (Fig. 5).

The apparent promotion of phenazine reduction by glucose, 
the most reduced of our carbon substrates, is consistent with pre-
vious findings (28, 29). However, in our experiments, it remains 
unclear whether this is a direct effect of changes in PCA reduction 
rate, possibly due to increased reducing power, or an additive (or 
sole) effect of changes in respiration rates drawing down oxygen 
and thus alleviating PCA oxidation. Our short-term PCA reduc-
tion rate experiments show clear differences between pH 5.5 and 
pH 7.5 (SI Appendix, Fig. S6B) for all carbon sources relative to 
themselves (Fig. 4D and SI Appendix, Fig. S6). At pH 5.5, we 
observed significantly (P < 0.001) greater PCA reduction rates 

0 10 20 30 40

0.1

0.5
1.0
1.5

0 10 20 30 40

0.1

0.5
1.0
1.5

0 10 20 30 40

0.1

0.5
1.0
1.5

0 10 20 30 40

0 10 20 30 40

0 10 20 30 40 0 10 20 30 400 10 20 30 40

0 10 20 30 400 10 20 30 40

0 10 20 30 400 10 20 30 40

G
lucose

Succinate
Pyruvate

pH 5.5
Fast Shake

pH 7.5
Fast Shake

pH 7.5
Slow Shake

pH 5.5
Slow Shake

O
D

50
0

time (hours)

A

B

C

Fraxetin
PCA

No Add.

Fig. 5. Carbon source tunes the effects of PCA on P. synxantha. Growth of P. synxantha with HFO as the iron source and glucose (A), succinate (B), or pyruvate 
(C) as the carbon source. Metabolites were added at a final concentration of 100 µM and experiments were conducted under ambient oxygen conditions. Slow 
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when cells were supplied with glucose vs succinate or pyruvate 
(SI Appendix, Fig. S6). However, there was no difference in reduc-
tion rates on different sugars at pH 7.5 and in some cases reduction 
rates appeared higher on pyruvate than on the other sugars, an 
observation that has been made in other experimental contexts 
(29). Direct measurements of oxygen in our experiments are not 
possible given current technologies (49) as any disturbance in 
shaking would alter oxygen tensions precluding an accurate meas-
urement of the oxygen concentrations experienced by cells. 
Succinate and pyruvate are both organic acids, and despite 
medium buffering (which cannot be increased due to toxicity 
concerns), it is also possible that shifts toward more alkaline pH 
during growth on these substrates further decrease PCA reduction 
(50). However, pH changes are unlikely to explain differences in 
PCA reduction between succinate and glucose seen in short-term 
experiments (SI Appendix, Fig. S6). Whether one or multiple 
mechanisms are at work, our experiments show that the carbon 
source can have important effects on secondary metabolite func-
tion. This finding suggests that changes in carbon exudation by 
plant roots may tune the utility of secondary metabolites produced 
by their microbiome.

Implications for RAM Chemical Ecology in the Rhizosphere. An 
important next step in for studying RAM chemical ecology in 
the rhizosphere will be understanding the spatial and temporal 
dynamics of RAM production, the quantities in which RAMs 
are produced, and the physicochemical properties of the 
microenvironments in which they are found. Coumarin secretion 
is spatially discrete in plant roots, with different coumarins being 
released from different parts of the root (51, 52), possibly creating 
microzones with very high concentrations of specific coumarins. 
For instance, despite the limited iron-solubilizing capacity of 
scopoletin (Fig. 2B), many previous studies have reported high 
concentrations of this coumarin in iron-limited A. thaliana roots 
exudates (4, 17). Sideritin, a more newly characterized coumarin 
(which was not tested here as synthetic standards are not available), 
also appears to be both highly efficient at iron reduction and 
abundant in A. thaliana root exudates (19). Interestingly, abiotic 
reactions between Fe(III) and scopoletin can lead to the generation 
of more effective iron-solubilizing coumarins including sideretin 
and fraxetin (37, 43), raising the possibility that scopoletin 
secretion (especially at high concentrations) might be more useful 
for iron solubilization in situ than it appears based on our in vitro 
studies.

Indeed, we still have much to learn regarding the ways RAMs 
interact with other iron-solubilizing molecules. The evidence from 
abiotic experiments indicates that RAMs and siderophores can act 
synergistically to solubilize iron (53, 54). The exact chemical 
mechanisms are not clear but one suggestion has been that sidero-
phores might bind and stabilize iron that is solubilized by RAMs 
(53). Our experiments with siderophore-null P. aeruginosa strains 
still showed enhanced growth yields in the presence of coumarins 
(SI Appendix, Fig. S5) demonstrating that pseudomonads can 
benefit from coumarin-solubilized iron in the absence of sidero-
phores. Whether this occurs through direct uptake of Fe(II), 
uptake of coumarin–Fe(II)/Fe(III) chelates, or another mechanism 
will also be an important area for future investigation.

The genetic regulation of RAM biosynthesis and the related 
question of whether plants and microbes experience iron limita-
tion at similar or different environmental concentrations could 
also carve out different niches for rhizosphere secondary metab-
olites. The controls on plant coumarin secretion are complex, 
integrating above and belowground signals (52). In addition to 
potential abiotic interactions with siderophores, RAMs may also 

alter the biosynthesis of these iron-solubilizing metabolites. For 
instance, siderophores are strongly regulated by iron in most bac-
teria and several studies have shown that iron privatization by 
siderophores shifts the composition of synthetic rhizosphere com-
munities (2, 15). An excess supply of iron provided by RAMs 
could decrease siderophore production, allowing different groups 
of microbes, be they plant friends or foes, to proliferate.

While our study emphasizes the growth benefits of coumarins, 
previous work has shown that coumarins can be toxic to rhizos-
phere microbes, including pseudomonads (3, 4). This toxicity has 
been attributed to the generation of ROS (3), likely through the 
reduction of Fe(III) to Fe(II) and subsequent Fenton reactions  
(26, 27, 55, 56). Our results suggest that coumarin toxicity may 
depend on the environmental context as well as the organisms 
being studied. In some cases, coumarin toxicity towards pseu-
domonads has been reported under iron-replete conditions (57, 
58). When there is little benefit to be had from coumarins, it 
stands to reason that ROS toxicity may dominate the growth 
response, as seen in our experiments under nitrogen limitation 
(Fig. 3). However, plant–microbe coculturing experiments have 
also shown that under iron limitation, coumarin biosynthesis by 
the plant selects against a specific pseudomonad (3). These exper-
iments used a synthetic microbial community and allowed for 
endogenous coumarin production by A. thaliana and therefore 
may capture dynamics absent in our experimental system. It is 
also possible that these contrasting results are explained by dif-
ferences in ROS sensitivities between pseudomonad species. For 
example, previous work has shown elevated coumarin tolerance 
in certain pseudomonads (4). Understanding the physiological 
underpinnings of these different coumarin effects is of interest 
both within the rhizosphere and beyond as coumarins have been 
the topic of intense pharmaceutical interest and have been inves-
tigated as potential antimicrobials for opportunistic human 
pathogens, including P. aeruginosa (57–59).

Conclusion

Our work demonstrates that chemically distinct redox-active soil 
secondary metabolites function differently under varying oxygen, 
pH, and carbon regimes with respect to iron acquisition. A 
straightforward expectation from our work is that in more alkaline 
and well-drained (and hence oxic) soils coumarins may be more 
important for RAM-based iron solubilization than phenazines. 
More generally, our findings provide a proof-of-principle demon-
stration that the paradox of secondary metabolite redundancy may 
be resolved, in part, by considering their chemical ecological niche 
at high spatiotemporal resolution. However, we do not fully 
understand the extent to which the chemical parameters found in 
bulk soil and parent material are maintained in the microenviron-
ment experienced at the plant root. Indeed, our findings indicate 
that couplings between plant and microbial metabolisms—
through carbon release by plants and oxygen consumption by 
microbes—can profoundly affect the chemical microenvironment 
and the biological impact of secondary metabolites. A grand future 
challenge is determining how in situ rhizosphere conditions 
change over space and time.

Materials and Methods

Electrochemical Measurements. Cyclic voltammetry (CV) measurements were 
conducted using a BioLogic SP-300 potentiostat with a scan rate of 50 mV/s using 
a platinum wire counter electrode and an Ag/AgCl reference. A 3-mm gold working 
electrode (BASi) was used for experiments with coumarins. We initially conducted 
PCA CV using a gold electrode; however, we observed deviations from Nernstian 
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conditions at pH 7.5, as has been previously noted and attributed to potential 
adsorption at the electrode surface (21). Hence, PCA experiments were repeated 
with a 3 mm glassy carbon electrode (BASi) which produced better results.  
10 mM solutions of coumarins (coumarin, daphnetin, fraxetin, and scopoletin) 
were prepared in ethanol and stored at −20 °C. Before measurements, solutions 
were diluted tenfold to 1 mM in 1M potassium chloride (KCl) buffered with 10 mM 
ammonium acetate-MOPS, at pH 5.5, 6.5, or 7.5. PCA (10 mM) was prepared in 
20 mM MES buffer, stored at 4 °C, and diluted to 1 mM (as above). Coumarin CV 
experiments were conducted under ambient oxygen conditions (benchtop). For 
PCA, solutions were purged with N2, and measurements were conducted under 
a continuous N2 stream. Data shown are generally the second of three scans; 
however for scopoletin, the first scan is shown due to obvious irreversible redox 
reactions (as previously documented (37), see SI Appendix, Fig. S1 for full scans).

Ferrozine Assays for Fe(III) Reduction. Abiotic ferrozine assays (60) were con-
ducted in 100 mM MES buffered at pH 5.5 or 100 mM MOPS buffered at pH 7.5 
using a final concentration of 40 µM FeCl3 (maintained as a concentrated stock in 
0.1N HCl), 20 µM metabolite, and 2 mM ferrozine. The precipitation of hydrous 
ferric oxide may occur within the timescales of our experiments, and hence, fer-
rozine assays may reflect reduction of Fe(III) at the mineral surface rather than in 
solution. Anoxic experiments were assembled inside an anoxic chamber (Coy) 
under a 95% N2, 5% H2 atmosphere and conducted using a plate reader (BioTek, 
Synergy HTX) housed within the chamber. Ferrozine, MES, and FeCl3 solutions 
were passively degassed inside the chamber for 3 d before the start of experi-
ments. Metabolites were not degassed but were added at 1% of the total volume. 
The ferrozine–Fe(II) complex was detected via absorbance at 562 nm and concen-
trations were determined using an Fe(II) standard curve. Oxic experiments were 
assembled at the benchtop and conducted using a benchtop plate reader (BioTek, 
Epoch 2). Coumarin and oxidized PCA stocks were maintained as described above. 
Reduced PCA was prepared through electrochemical reduction and stored in a 
stoppered bottle under a pure N2 headspace. Small aliquots were withdrawn (in 
the chamber) immediately before the start of experiments. For oxic experiments, 
a small aliquot of reduced PCA was removed from the anoxic chamber and added 
to experimental wells immediately before the start of experiments, to capture 
the oxidation of the metabolite. For control experiments using Fe(II), solutions of 
FeCl2 were prepared in an anaerobic chamber using deoxygenated water. These 
solutions were then either added to 96-well plates containing deoxygenated 
ferrozine-MES/MOPS solutions or removed from the anaerobic chamber and 
added to fully oxygenated ferrozine-MES/MOPS solutions under ambient air. In 
both cases, the formation of the Fe(II)-ferrozine complex was detected at 562 nm.

Strains and Experimental Growth Conditions. Pseudomonas aeruginosa 
PA14 and Pseudomonas synxantha 2-79 (formerly P. fluorescens) were maintained 
as freezer stocks. Mutant P. aeruginosa strains in which key biosynthetic genes for 
the siderophores pyoverdine and pyochelin have been deleted (∆pvdA∆pchE, 
herein ∆Sid) were generated previously (25). Before the start of each experiment 
strains were struck onto LB-agar plates. Cells were then pregrown in a defined 
growth medium containing: 4.1 × 10−4 M MgSO4 · 7H2O, 6.8 × 10−4 M CaCl2 · 
2H2O, 1.6 × 10−2 M NH4Cl, 4.7 × 10−3 M KH2PO4, 2.3 × 10−3 M K2HPO4 and 3.7 
× 10−2 M succinate as the carbon source. The growth medium was buffered at pH 
7.5 with 20 mM MOPS and prepared in acid cleaned polycarbonate or polystyrene 
bottles. With the exception of growth medium for initial PA14 Fe-limitation exper-
iments (Fig. 3B and SI Appendix, Fig. S5), all media was passed through a chelex 
column [prepared according to (61)] in order to strip background iron. After chel-
exing, the medium pH was checked and adjusted as needed using NaOH or HCl, 
and media were then supplemented with Aquil trace metals (61) without added 
iron or ethylenediaminetetraacetic acid (EDTA) and filter sterilized (Stericup, 0.22 
µm polyethersulfone membrane, Millipore-Sigma). Inductively coupled plasma 
mass spectrometry (ICP) measurements showed background iron concentrations 
of ~50 to 100 nM in cleaned media. A minimum of two transfers (1:100 dilution, 
at ~24 h intervals) in this no-iron medium were conducted before the start of 
each experiment. Large volume flask experiments were conducted using 20 mL 
of culture in 25-cm2 tissue culture flasks with vented caps (Falcon, cat# 35-3108) 
at 30 °C (P. synxantha) or 37 °C (P. aeruginosa) with constant shaking at 250 rpm. 
To promote aeration, flasks were oriented with their longest side secured to the 
incubator plate, thus maximizing the air–liquid interface. Nitrogen limited exper-
iments were conducted as above, with the following exceptions: acid-cleaning 

and chelex steps were omitted, HFO was substituted with 100 µM EDTA and 10 
µM Fe, and nitrogen concentrations were lowered to 2 × 10−3 M NH4Cl.

To initiate experiments, cells were centrifuged at 6,800 × g for 10 min and 
resuspended in growth medium without additions. Washed cells were then added 
to each treatment at a final OD of 0.01. Typical additions were 500 µL cells to 
20 mL media. HFO was prepared using the recipe for two-line ferrihydrite (62) 
see also ref. 45 and stored at −80 °C. Before the start of experiments, 8.4 mg 
of HFO was resuspended in 10 mL of MQ water, this slurry was then diluted 
1:100 into experimental treatments. Coumarins and PCA were maintained in 
10 mM stocks as described above and added at final concentrations of 100 µM 
for all experiments. A 1% final concentration of ethanol was added to control and 
+PCA treatments in order the match the concentration introduced with coumarin 
additions. In order to minimize artifacts from differences in abiotic reaction times, 
HFO and metabolite media mixtures were prepared immediately before the start 
of experiments. HFO was always added before metabolites and cells were added 
as quickly as possible thereafter. An effort was also made to minimize exposure to 
light during medium preparation and experimental incubations. Culture growth 
was determined using optical density (OD) measurements at 500 nm (DU-800 
spectrophotometer, Beckman-Coulter), and flasks were removed from the incu-
bator in small batches to minimize the amount of time that cultures were allowed 
to sit static during subsampling for OD measurements. For plate reader experi-
ments with all added coumarins (SI Appendix, Fig. S4) the techniques described 
above were used; however, 20 mM MES buffer was used for pH 5.5. and pH 6.5 
experiments. In addition, cells were precultured at pH 6.5 and then diluted into 
pH 5.5, 6.5 or 7.5 experimental media.

Shaking-Static Incubation Experiments and Oxygen Measurements. 
Medium preparation, pregrowth, and growth conditions were performed as 
described above. At the indicated time static treatment flasks were removed from 
the shaking incubator, placed upright and allowed to sit without shaking for 1 h. 
 P. aeruginosa static incubations were heated to 37 °C. P. synxantha static incuba-
tions were performed at room temperature (to accommodate the instrumentation 
for the oxygen probes in + PCA treatments, all treatments were kept at room tem-
perature for consistency). Oxygen measurements were made by directly inserting 
probes into the culture. All experiments used amperometric Clark-type electrodes. 
Experiments at pH 5.5 used Oxyferm FDA sensors (Hamilton), whereas those 
at pH 7.5 used Unisense oxygen microsensors, for these experiments, cultures 
were transferred to 50 mL conical tubes during incubations to accommodate 
differently sized probes. Oxyferm probes were calibrated immediately before 
the start of experiments using air and N2 sparged water as the 100% and 0% 
O2, respectively. Unisense probes were calibrated using growth medium and a  
-0.1 M NaOH/0.1 M ascorbate solution as 100% and 0% O2, respectively. Oxygen 
data are reported relative to initial conditions and therefore should not be affected 
by any differences between probes.

Slow- and Fast-Shaking Plate Reader Experiments. For plate reader experi-
ments, growth medium was prepared as described above. However, MES buffer 
(20 mM) was used for pH 5.5 and pH 6.5 experiments. Equimolar concentrations 
of carbon (148 mM C) were maintained across succinate, glucose and pyruvate 
experiments. Experiments were performed in clear 96-well plates using 200 µL 
final volume. Cells were pre-grown with the indicated carbon source at pH 6.5 
and were washed and resuspended in pH 6.5 medium with either succinate, 
glucose or pyruvate before being inoculated into different pH conditions. Cells 
were added at a final OD of ~0.01, typically as a 5 to 10 µL addition. Experiments 
were conducted using a BioTek Epoch 2 Plate Reader on the bench top. Orbital 
shaking was set at either 807 cpm and 1 mm orbital diameter (fast shaking) or 
187 cpm and 6 mm orbital diameter (slow shaking), and plates were incubated 
with lids on. Slow- and fast-shaking plates were set up in parallel using the same 
inoculum (for each carbon source) and experiments were run simultaneously in 
two side-by-side plate readers.

Short-Term PCA Reduction Rates. Cells were pre-grown as described above 
with a minimum of two transfers before the start of experiments. For Fe-limited 
experiments (Fig. 4D and SI Appendix, Fig. S6A), cells were acclimated at pH 6.5 
in a medium without iron with the indicated carbon source. To initiate Fe-limited 
experiments, cells were grown (aerobically) to an OD of 0.5 to 0.7 in a medium 
containing HFO (prepared as above), 100 µM PCA and the indicated carbon 
source before being centrifuged at 6,800 × g for 10 min and resuspended in 
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pH 6.5 media without iron or PCA. A small inoculum of this cell slurry was then 
added at a final OD of ~0.2 to degassed media buffered at pH 5.5 or 7.5 with 
the appropriate carbon source and without added iron. Cells were incubated 
in an anoxic chamber (95% N2, 5% H2 atmosphere) for 1 h to allow full oxygen 
depletion and then spiked with 100 µM oxidized PCA. PCA reduction rates were 
measured via fluorescence [excitation at 360 nm, emission at 528 nm, (63)] on 
a plate reader (Synergy HTX, BioTek) housed within an anoxic chamber. The fluo-
rescence of the siderophore pyoverdine (max excitation/emission typically 360 to 
410 nm and 450 to 480 nm, respectively) interferes with measurements of PCA 
reduction—we initially attempted to measure PCA reduction directly during anoxic 
incubations (Fig. 4 A and B) but were unsuccessful due to interference from high 
concentrations of pyoverdine in the medium. The washing procedure described 
herein successfully allowed for the detection of changes in PCA reduction over 
time, however we still observed relatively high initial fluorescence, possibly due 
to cell-associated pyoverdines being not removed during washing. As such, we 
conducted later reduction assays under Fe-replete conditions where siderophore 
production is not expected (SI Appendix, Fig. S6B). For these experiments, the 
procedures used were as described above with the exception that all steps used 
a medium with 100 µM EDTA and 10 µM Fe. Fe-limited and Fe-replete reduction 
rates were largely in agreement (compare SI Appendix, Fig. S6 A and B). All rates 
were calculated from 1 h of data collected between 30 and 90 min after the start 
of experiments. PCA concentrations were determined by comparison to a standard 
curve of electrochemically reduced PCA. Per cell reduction rates were calculated 
assuming 109 cell mL-1OD-1.

Statistical Analysis. All statistical analysis was performed in R (64) using ANOVA 
and Tukey’s post hoc test. For differences in large volume growth yields (Fig. 3), 

a one-way ANOVA was conducted on data from the final time point in all experi-
ments. Only statistical differences between untreated controls and treatments are 
reported. Significant differences between shaking and static treatments (Fig. 4 
A and B) were conducted using a two-way ANOVA (testing for treatment*time) 
across all time points. Significant differences in PCA reduction rates (reported 
in Fig. 4D and SI Appendix, Fig. S6) were determined using one and two-way 
ANOVA: For Fe-limited experiments, pH 5.5 and 7.5 data were combined and 
the effect of rate by pH and sugar was tested and reported (two-way ANOVA). For 
Fe-replete experiments, a one-way ANOVA was conducted on rate by sugar for pH 
5.5 data only (due to lack of detectable rates at pH 7.5). For fast- and slow-shaking 
experiments (SI Appendix, Figs. S7 and S8) a one-way ANOVA was conducted at 
the indicated time points.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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