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Small Molecules Reaction Networks That Model ROS Dynamic of the 
Rhizosphere
 Olga Taran,*a Vraj Patel a and David G. Lynna 

Spontaneous reactions between plant and bacterial redox active 
metabolites can result in a reaction-diffusion networks that 
regulate redox gradients and ROS concentrations. Our model 
system mimics known biological processes observed in plants, 
including the oxidative burst, travelling waves, and chemical 
pattern formation. Similar non-enzymatic reactions between 
natural products may play a role in plant-bacteria interactions, 
including biofilm and microbiome regulations, and be useful for 
development of narrow range antibiotics.

A narrow zone of soil along plant root surfaces, known as the 
rhizosphere, contains bacteria, viruses, fungi and their secondary 
metabolites.1 Many of the accumulated compounds have been not 
only isolated as antibiotics2 but also functionally implicated in 
biofilm biogeography,3 allelopathy,4 quorum sensing,5 and 
specifically in parasitic plant semagenesis.6 Due to the complexity of 
biochemical interactions rhizosphere has been called plant’s 
"external metabolome."7 Chemistry of these complex natural 
mixtures is poorly understood, despite having clear impact on host-
microbiome interactions and even broader biogeochemical cycles. 

Many of the isolated metabolites are redox active compounds, 
such as phenols, quinones, flavins, and phenazines.8 Reactions of 
these compounds with molecular oxygen, accumulated along the  
root surface, often lead to the abiotic formation of reactive oxygen 
species (ROS), including superoxide radical and hydrogen peroxide.9 
While H2O2 can be toxic,10 low concentrations of reactive oxygen 
species (ROS) are important for signaling and have been shown to 
increase the rate of the root growth by loosening lignin polymers 
found in the cell walls.11  ROS formation via autoxidation of organic 
molecules often follows non-linear autocatalytic kinetics that have 
potential to form complex spatially defined reaction-diffusion 
networks.12 While redox cycling dynamics for single molecules in 
solution have been studied extensively,13 the interactions in 
mixtures of redox-cycling molecules and their spatiotemporal 

behavior remains less-well defined. Here we show that synergetic 
interaction of two redox active compounds impacts ROS and redox 
potential dynamic, and may contribute to the spatiotemporal 
control of several biological processes including the oxidative burst, 
travelling waves, and chemical pattern formation.  We propose a 
reaction mechanism that can be used to study similar abiotic 
reactions, which might be widespread in Nature and interfere with 
wide range of biological processes.

We have focused on two model redox-active compounds (Figure 
1a), a plant-derived quinone 2,6-dimehtoxybenzoquinone (DMBQ) 
and methylene blue (MB), a synthetic proxy for bacterial 
phenazines.14 DMBQ and its hydroquinone (H2DMBQ) are oxidation 
products of cell wall phenols formed during plant growth, wounding, 
and wall turnover.15,16 DMBQ is also a product of wheat germ 
fermentation with promising anticancer properties.17 Methylene 
blue (MB, and its reduced form LMB) is one of the oldest synthetic 
drugs18 with similar chemical and biological properties to pyocyanin, 
an antibiotic produced by the common soil bacteria Pseudomonas 
aeruginosa.14 ROS formation in the presence of redox active 
molecules is enabled by redox cycling, a process where oxidized 
compounds are continuously reduced to maintain the reaction 
network. Reduction is often performed by plant and bacterial 
oxidoreductases localized in the plasma membranes.11 While it is not 
yet clear whether these enzymes function by one or two electron 
donor mechanisms,19 we selected NaBH4 as a hydride donor stand-
in for cell wall oxidoreductases.20,21 In the presence of oxygen, a 
combination of these three compounds be constitute a minimal 
model chemistry at the surface of a plant root colonized by 
bacteria.38

The oxidation of both H2DMBQ and LMB results in color changes 
that can be followed at 300 and 600 nm, respectively (Figures 1 and 
S1). The H2DMBQ/DMBQ redox cycling rate is pH dependent (Figure 
S2),22 and while the pH of soils can vary from 5 to 8.5, the root 
surfaces of monocotyledonous plants maintain a basic pH of 8-9.23 
At pH 8.0 and 8.5, H2DMBQ oxidation rate has sigmoidal shape that 
increases with excess DMBQ, indicating autocatalysis (Figure 1b, 
Figure S2, Schemes S1 and S2, Table S1).
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Figure 1. Structure of the reaction network based on two redox 
active compounds. (a) Redox reactive compounds used in the study. 
(b) Autocatalytic autoxidation of H2DMBQ at pH 8.5.  (c) DMBQ 
catalysis of MB reduction with NaBH4. 

In biological networks, quinones act as electron shuttles for the 
more stable heterocyclic compounds.24  Similarly, in our 
experiments, MB is not reduced directly by NaBH4 but requires 
hydride transfer from reduced H2DMBQ.25,26 Extremely low 
concentrations of DMBQ (5 × 10-7 M) are sufficient to significantly 
alter the redox chemistry of MB in the presence of NaBH4 (Figure 1c). 
The general reaction mechanism is proposed in Figure 2a and 2b and 
consists of catalyzed reduction of MB via hydride transfer from 
hydroquinone and two independent autocatalytic oxidation steps. 
The full reaction mechanism is presented in Figure 2a. Similar 
reaction mechanisms have been reported for the reaction of MB and 
sulfide ion,  which is known to show chaotic oscillations, a nonlinear 
phenomenon.27 Rate constants for H2DMBQ and LMB oxidation are 
compared with previously reported data,28,29  and the proposed set 
of kinetic equations (Figure 2b) provide good fits using COPASI30 
software  (Figure 2c, Scheme S2, and Table S2). 

Here the presence of two redox active compounds, MB and 
DMBQ, results in synchronizing the oxidation step. The network 
apparently exists in two states, a “fully reduced” in the presence of 
excess reducing agent over dissolved oxygen, and “fully oxidized”, 
when oxygen concentration (0.220 mM in saturated solution) is 
higher than the NaBH4 concentration. The transition between these 
states can be further controlled using different concentrations of 
NaBH4 (Figure S5). 

Figure 2. Proposed reaction mechanism: (a) Redox reaction network 
formed by two molecules in the presence of NaBH4 and O2; (b) 
Simplified reaction mechanism; (c) Oxidation reaction and COPASI 
data fitting for 0.05 mM of DMBQ (orange) and 0.05 mM of MB 
(purple). Kinetic constants are reported in Table S2. 

Autoxidation of the reduced compounds by molecular oxygen 
leads to oxygen consumption and the formation of H2O2. In a single 
component mixture, the amount of oxygen converted to H2O2 is 
proportional to the concentration of the redox cycling compound, 
however the addition of a second redox-active component 
drastically changes the reactive oxygen species (ROS) dynamics in 
the network (Figure 3). While excess NaBH4 slows oxygen 
consumption in the presence of DMBQ, the addition of MB leads to 
fast oxygen consumption and formation of an anoxic solution (Figure 
3a). Due to a low reduction rate of MB by NABH4, redox cycling 
between LMB/MB and the associated H2O2 production are very low. 
Addition of even small amount of DMBQ to MB (1% or 500 nM 
DMBQ) increases the rate of production of H2O2 by almost an order 
of magnitude. Further increase of DMBQ concentration results in 
conversion of all available oxygen to hydrogen peroxide (Figure 3a, 
b).  As shown in the Figure 3c, COPASI simulation based on the 
reaction mechanism proposed on Figure 2b explains this 
observation. In a single component system, oxidation of H2DMBQ in 
the presence of NaBH4 is suppressed due to constant reduction of 
autocatalytic DMBQ, and hydrogen peroxide production begins only 
after all NaBH4 is removed from the system. In the multi-component 
system, oxidation of LMB is independent of the concentration of 
reducing agent, a steady state concentration of DMBQ is maintained 
due to H2DMBQ oxidation by MB, and both autoxidation reactions 
are active, leading to fast conversion of oxygen to H2O2 (Figure 3c). 
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Figure 3. ROS dynamics in the MB/DMBQ system. (a) Oxygen 
consumption after 1 mM of NaBH4 is added to the system at 60 s 
(marked with arrow). (b) H2O2 production in the presence of 0.05 
mM MB, 1 mM NaBH4, and variable concentrations of DMBQ 
measured 1h after the reaction start time. The dashed line 
corresponds to H2O2 production expected with DMBQ alone. (c) 
COPASI simulation of O2 consumption and H2O2 production with 
DMBQ alone and in the presence of MB and DMBQ.  

Similar fast ROS production occurs at a plant’s wound site. There 
reduced phenolic compounds from the cell come in contact with cell 
wall oxidoreductases and molecular oxygen to create the “oxidative 
burst,” enabling the extremely rapid generation of an anoxic 
environment, production of high concentrations of H2O2 for the 
sterilization of the wound, and the initiation of radical lignin 
polymerization ensuring wound repair.31

Many processes in the rhizosphere seem to be timed and 
coordinated over millimeter to centimeter distances that cannot be 
regulated by simple diffusion of signaling molecules.32 We found that 
the reduction of MB and DMBQ initiated by a small sample of solid 
NaBH4 results in fast propagation of an anoxic wave front in 1% 
agarose gel (Figure 4a and SI LapseClip1). The reducing front 
propagates via fast hydride transfer equilibrium between quinone 
and MB, and autocatalytic removal of oxygen from the solution 
(Figure S8), which leads to the formation of a sharp diffusion front. 
There is no color change in the absence of DMBQ (Figure S7), due to 
the low rate of uncatalyzed reduction of MB by NaBH4. The anoxic 
clear area propagates linearly over 1 h and is arrested when all the 

reducing agent is consumed. If a thin layer of the gel is open to the 
air, the initial fast propagation of the anoxic layer stops after several 
minutes and the gel is rapidly reoxidized. A similar reaction 
mechanism may help to explain the spatial localization of host-
specific germination in Striga asiatica where a hydroquinone 
germination stimulant remains reduced along the growing sorghum 
root for days despite the oxidizing environment,33 and might be 
relevant to  well-known role of quinones as quorum-quenching 
agents.34

Finally, a dynamic reaction-diffusion system is formed during the 
oxidation of DMBQ and MB in a thin layer of liquid on the surface of 
a Petri dish exposed to air. Well-defined redox patterns with two 
distinct modes of action are observed (SI LapseClip2 and LapseClip3, 
Figure 4c). When both oxygen and NaBH4 are present in solution, fast 
propagating pulsating rings radiate across the plate. Raising the 
DMBQ concentration leads to an increase in the size and number of 
rings. When starting from anoxic mixtures, slow reaction between 
uncolored reduced solution and atmospheric oxygen produces 
stable patterns of regularly spaced dark blue lines. Similar 
phenomena have been previously reported for the reaction of 
methylene blue and peroxidase enzymes (modified Blue Bottle 
Experiment) and attributed to the action of reaction-driven 
Rayleigh–Bénard convection.35 To confirm that the mechanism is 
due to hydrodynamic phenomena,  we have shown that there is no 
pattern formation in 1% agarose gel where water dynamic is 
arrested. Additionally, the spacing between lines is controlled by the 
thickness of the liquid layer (Figure S9) and thus by the size of the 
convection cell. The pattern progresses over time from thin blue 
lines, to thicker lines with changing color, to white lines on a blue 
background, to unevenly shaped concentric dark blue circles on light 
blue background, and finally to a uniformly blue solution. The 
lifetimes of the patterns are controlled by pH, which impacts the 
stability of NaBH4. At pH 8.5, patterns form in the presence of 0.05 
mM MB, 0.05 mM DMBQ and 2 mM NaBH4 over 30 minutes, but at 
pH 8.0, the window is reduced to 15 minutes. Visually these patterns 
resemble the structure of some biofilms36 but it remains to be seen 
if similar reactions play a role in biofilm establishment and spatial 
organization.
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Figure 4. Reaction-diffusion phenomena in the MB/DMBQ system. 
(a) Time-dependent propagation of the reducing front (colorless) in 
DMBQ: MB mixture (blue) in a thin layer of the agarose gel. (b) Linear 
propagation of the travelling reduced front over time. (c) Pattern 
formation in a thin layer of liquid. Left: pulsating rings (excess of 
oxygen); right: blue lines on white background observed when 
starting from anoxic solution.
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The plant cell wall contains a diverse range of phenolic acids as 
possible quinone precursors. To understand how this spectrum of 
quinones might participate in the reaction-diffusion networks, we 
evaluated both natural and synthetic quinones as catalysts for MB 
reduction by NaBH4 (Table S3). In general, naturally occurring 
methoxy- and hydroxyquinones are effective catalysts, while the less 
biologically abundant unsubstituted hydroquinone is not effective. 
Quinone activity is also regulated by pH. Methoxyquinones are 
reactive at mildly basic pH (7.5-9), while hydroxyquinones and some 
naphthoquinones show higher activity in more acidic environments 
(pH 6-7). Soil and root surface pH varies from plant to plant and pH 
regulation might contribute to the specificity of these redox 
processes in the rhizosphere.  

We have shown how the interaction between two redox active 
molecules in a thermodynamically open system can lead to spatial 
and temporal organization of ROS and redox gradients resembling 
those found in the rhizosphere, while diffusion of a signalling 
molecules alone cannot explain spatial organization patterns 
observed in microbiomes and biofilms. Achieving large-scale 
spatiotemporal resolution through regulated reaction-diffusion 
networks could provide a framework for understanding redox 
processes in Nature. The area of Systems Chemistry37 can help in 
further development of kinetic models of multicomponent systems, 
necessary for the characterization of environmental processes and 
interaction within complex biological communities. 
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