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Abstract: Iron plaque on rice roots represents a sink and source of iron in paddy fields. However,
the extent of iron plaque in impacting paddy field iron cycling is not yet fully deciphered. Here, we
followed iron plaque formation during plant growth in laboratory-controlled setups containing a
transparent soil matrix. Using image analysis, microsensor measurements, and mineral extractions,
we demonstrate that radial oxygen loss (ROL) is the main driver for rhizosphere iron oxidation.
While O2 was restricted to the vicinity of roots, root tips showed highest spatio-temporal variation
in ROL (<5–50 µM) following diurnal patterns. Iron plaque covered >30% of the total root surface
corresponding to 60–180 mg Fe(III) per gram dried root and gradually transformed from low-crystalline
minerals (e.g., ferrihydrite) on root tips, to >20% higher-crystalline minerals (e.g., goethite) within
40 days. Iron plaque exposed to an Fe(III)-reducing Geobacter spp. culture resulted in 30% Fe(II)
remobilization and >50% microbial transformation to Fe(II) minerals (e.g., siderite, vivianite, and Fe–S
phases) or persisted by >15% as Fe(III) minerals. Based on the collected data, we estimated that iron
plaque formation and reductive dissolution can impact more than 5% of the rhizosphere iron budget
which has consequences for the (im)mobilization of soil contaminants and nutrients.

Keywords: paddy fields; iron plaque; microaerophilic Fe(II) oxidation; Fe(III) reduction; contaminant
(im)mobilization

1. Introduction

Paddy fields cover more than 6% of arable land surface and represent the basis for cultivation
of rice, the major food crop for more than half of the world’s population. Most commonly, rice
plants are cultivated on flooded paddy fields. Under these water-logged conditions, the submerged
soil is typically depleted in oxygen (O2) and rich in organics—an ideal habitat for Fe(III)-reducing
microorganisms [1]. Using Fe(III) minerals as terminal electron acceptor, these bacteria significantly
impact the redox state of soil-borne iron minerals and fuel the pool of dissolved Fe(II)aq in the pore
water by remobilizing Fe(II)aq from minerals through reductive dissolution. This typically leads to
high concentrations of more than a few hundred micromoles of dissolved and phytoavailable Fe(II) in
the rhizosphere pore water of paddy fields [2].

Iron is an essential trace element for photosynthesis [3,4]. However, high concentrations of
phytoavailable Fe(II) ultimately lead to an intoxication of the photosystem and leaf bronzing in rice
plants [5]. In order to control the uptake of Fe(II)aq, rice plants release O2 from roots by so-called radial
oxygen loss (ROL) [6]. At circumneutral pH, Fe(II) gets rapidly chemically oxidized by O2 from ROL
to ferric iron (Fe(III)) and precipitates as Fe(III) (oxyhydr)oxides on and around the root surface as
iron plaque [7]. These Fe(III) (oxyhydr)oxides represent a highly reactive mineral fraction in the soil
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horizons as they not only participate in the immobilization of essential plant nutrients but impact,
to a large extent, the sequestration of many other soil components such as contaminants and trace
elements [6,8–11].

It is hypothesized that an enormous variety of microorganisms is involved in iron cycling
in the rhizosphere and that they considerably affect the iron redox cycle in water-logged paddy
soils [12]. However, it was shown for only a few examples that iron-metabolizing bacteria can find ideal
conditions in the paddy field rhizosphere [13,14]. Examples include microaerophilic Fe(II)-oxidizing
bacteria which were shown to kinetically contribute to Fe(II) oxidation under microoxic conditions [15,16].
Furthermore, Emerson et al. [17] provided first evidence that neutrophilic microaerophilic Fe(II)-oxidizing
bacteria were often closely associated with roots and root iron plaques in the wetland rhizosphere.
Neubauer et al. (2007) [18] demonstrated the potential of these bacteria to enhance iron plaque
formation on wetland plant roots and in a recent study the effective habitable zone for microaerophilic
Fe(II)-oxidizing bacteria was shown to expand to a large extent throughout the entire rhizosphere
during plant growth [19]. Congruent with these findings, it is undoubtable that rice plant roots and
microaerophilic Fe(II)-oxidizing bacteria in particular play a major role in iron mineralization in the
rhizosphere of flooded paddy fields.

In addition to the foregoing role of soil-borne iron to serve as an electron donor, the iron plaque
minerals can also serve as an electron acceptor for Fe(III)-reducing bacteria [20,21]. Reduction of
iron plaque minerals not only considerably change the sorption capacities of these iron minerals but
leads to a re-mobilization of surface-bound contaminants by microbial reductive dissolution [22,23].
Over the last few decades, research interest towards an understanding of root iron plaque formation,
retention of contaminants, and the role of bacteria in re-mobilization have slightly increased [24–28].
Investigations on the microbial community level, determining Fe(II) oxidation and Fe(III) reduction
rates, partly complemented the knowledge about a dynamic rhizosphere systems in paddy fields on a
large scale [29]. Moreover, famous studies proposed the existence of an active rhizosphere iron cycle
promoted by the presence of wetland vegetation such as rice plants in paddy fields [30,31]. However,
the extent to which Fe(II)-oxidizing and Fe(III)-reducing bacteria might be involved in this redox-active
iron cycling around the roots has not been investigated so far.

In the current study, we aim to demonstrate that rice plant roots not only span up a biogeochemical
network that creates a narrowly closed iron cycle in the entire rice plant rhizosphere but actively
contribute to the cycle by iron mineral (trans)formation. Furthermore, we intended (i) to quantify the
ROL-induced iron plaque mineral formation; (ii) to analyze the potential spatio-dynamic impact of
microaerophilic Fe(II) oxidation, and (iii) to determine the capability of microbial Fe(III) reduction for iron
plaque dissolution and Fe remobilization. By implementing experimental data from laboratory-controlled
incubation and rhizotron studies, we were able to estimate the plant and microbially induced budget for
Fe(II) oxidation, while the derivation of rates for Fe(III) reduction are closing the rhizosphere iron cycle
on the reductive side. These findings advance the understanding of complex rhizosphere iron redox
interactions and help to quantify iron fluxes between dominant iron-reducing and -oxidizing processes
in a rice plant rhizosphere during rice plant growth.

2. Materials and Methods

2.1. Plant Cultivation

Rice seeds (Oryza sativa Nipponbare) were sterilized (0.1 % H2O2 rinse, ultrapure water) and
seedlings were pre-grown in sterile 50% Hoagland [32] solution at pH 6.8. For rhizotron studies in the
growth gel, seedlings were transferred into anoxic and sterile rhizotrons (described in Maisch et al., 2019a
and Supporting Information) and consecutively covered with opaque fabric to prevent illumination
of the roots. For hydroponic cultivation, pre-grown seedlings were transferred at three-leaf stage
into anoxic hydroponic setups with 500 mL of 100% Hoagland solution amended with 500 µM
Fe(II)aq, buffered (PIPES, 20 mM) at pH 6.8. Setups were wrapped in aluminum foil in order to prevent
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illumination of the growth solution and the roots. Decline in hydroponic medium by evapotranspiration
was replaced by anoxic and sterile 50% Hoagland solution at pH 6.8 and 500 µM Fe(II)aq. Plants were
kept at temperature-controlled conditions (25–27 ◦C, 70% rel. humidity) following day (14 h)–night
(10 h) cycles illuminated by a high-pressure sodium lamp (10,000–12,000 lx).

2.2. Geochemical Measurements and Image Analysis in Rhizotrons

Using planar optode sensor foils, O2 and pH were measured non-invasively from outside the
rhizotrons as described in Maisch et al. (2019a). For the quantification of averaged local O2 concentrations,
designated regions of interests (ROI) with dimensions of 10 × 10 mm (1 cm2) were defined in recorded
images at different time points using the software VisiSens ScientifiCal© (Presens, Regensburg,
Germany). In-situ Fe(II)aq concentrations were spatially quantified by Voltammetry (Cu-Au sensors
with a Hg-Au alloy surface (100 µm), hooked to a potentiostat (DLK-70, Analytical Instrument Systems,
Flemington, NJ, US)). Homogeneous Fe(II) oxidation rates were calculated based on geochemical
parameters in the rhizotrons following the method described in [16,33]. Images of the root-zone were
recorded following the simulated daylight period with a digital camera (EOS 1200D, Canon) using
constant camera settings. Image analysis and quantification of oxidized areas in the rhizosphere
were performed on the basis of pixel identity and color thresholding [34–36] as also described in
Maisch et al. (2019a). On that basis, particle analysis was performed to quantify the area of iron plaque
on root surfaces at individual time intervals. The surface of root iron plaque minerals was estimated
by extrapolating the two-dimensional area of iron plaque formation (Aimage)

Aimage = 2 × r × h = d × h (1)

with h (cm) as imaging area height, r (cm) as imaging area radius and d (cm) as imaging area diameter
to a three-dimensional outer surface mantle area of ideal cylindrical roots [37] as an approximation for
the mineral surface of root iron plaque (Airon plaque)

Airon plaque = 2 × r × π × h (2)

summarized in the following simplified equation as

Airon plaque = Aimage × π (3)

2.3. Iron Plaque Mineral Identification

Roots covered in iron plaque minerals were collected 48 days after plant transplantation under
anoxic conditions inside a glovebox (100% N2) from root tips (young roots), the middle parts of roots
(approx. 20 days old roots), and basal root zone (approx. 40 days old roots). Iron minerals were
identified using Mössbauer spectroscopy (Supporting Information).

2.4. Iron Plaque Reduction in Liquid Culture

After 52 days on hydroponic cultivation, rice plants were removed from Hoagland solution,
green biomass was detached and roots were transferred individually into anoxic sterile 500 mL
mineral medium [38] buffered (22 mM bicarbonate) at pH 6.8 containing 20 mM Na-acetate as electron
donor substrate. A 5% (v/v) inoculum of an Fe(III)-reducing enrichment culture (99.8% identity to
Geobacter sp. CD1 [39] based on 16S rRNA) isolated from a paddy field (Vercelli, Italy; Supporting
Information) was added to each microcosm. In order to inhibit cell activity in abiotic control incubations,
4% paraformaldehyde (PFA) were added to the respective setups. Microcosms were kept in the dark at
constant temperature (24 ◦C) for a total of 8 days.
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2.5. Iron Plaque Reduction in Rhizotrons

Roots covered in iron plaque were sampled from a 52-day old rice plant which was previously
grown on an Fe(II)-rich hydroponic solution. Collected root material was soaked in a cell suspension
of an Fe(III)-reducing enrichment culture (see above) and subsequently transferred into a rhizotron
that contained warm (35 ◦C), sterile and anoxic mineral medium [38], amended with 0.3% Gelrite.
After cooling down to room temperature, the mineral medium formed a transparent gel. The rhizotron
was kept in the dark at constant temperature (24 ◦C).

2.6. Iron Plaque Reduction: Geochemical Measurements and Mineral Identity

Liquid samples were collected from microcosm setups under anoxic conditions at different
time steps. In order to quantify dissolved Fe(II)aq and particulate Fe(II)/(III), filtered (0.45 µm) and
non-filtered samples were acidified (1:2) in 2 M HCl to prevent oxidation at ambient atmosphere and
were analyzed by the Ferrozine assay [40]. For iron plaque mineral analysis, roots covered in iron
plaque were collected randomly prior to the iron plaque reduction experiment and at the end after
10 days from biotic and inhibited control setups. Samples from the rhizotron iron plaque reduction
experiment were collected after 10 days and dried under anoxic conditions (28 ◦C, 100% N2). Iron
minerals in these samples were identified by Mössbauer spectroscopy as described in the Supporting
Information. In order to recalculate the total amount of iron plaque on the root prior to microbial
reduction, residual iron plaque minerals at the end of the incubation were extracted in 6 M HCl,
while dissolved Fe(total) was quantified by the Ferrozine assay. Dissolved, particulate Fe(II)/(III) and
extracted Fe(total) were then added up to recalculate a value for the initial total iron plaque on the
root surface.

3. Results

3.1. Spatio-Temporal Quantification of ROL and the Identification of O2 Hot Spots

Root growth and O2 concentrations were followed in transparent rhizotron setups during plant
growth (Figure 1A). After 5 days after transfer (DAT), intermittent O2 was detected in the rhizosphere
forming steep gradients ranging from 70 µM O2 on the surface of first lateral root tips to <5 µM
O2 expanding 6 mm into the anoxic soil matrix. During root growth, O2 concentrations radially
increased in the vicinity of individual roots. On the root surface O2 concentrations reached values
of >100 µM. Towards the anoxic soil matrix, O2 decreased gradually below the detection limit in
a distance of 1.5 ± 0.5 cm away from the root surface. While the basal root zone was continuously
dominated by oxidized conditions with O2 concentrations >50 µM, local oxygenated hot spots with
elevated O2 concentrations formed around young root tips. In contrast to the anoxic soil matrix in
which O2 was constantly below the detection limit, root tips were continuously surrounded by high
O2 concentrations with more than 60 µM of O2 at the root tip center. Local O2 concentrations radially
expanded around root tips and formed steep O2 gradients that reached 3–15 mm into the rhizosphere
(Figure 1B). This ROL hot spot not only led to an increase in local O2 concentrations but was also
found to accelerate chemical Fe(II) oxidation. Abiotic Fe(II) oxidation kinetics were calculated to reach
oxidation rates of up to 20 µM Fe(II) hour−1 within the radial vicinity of 5 mm around the root tip
center (Figure 1C).
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Figure 1. Radial oxygen loss and iron geochemistry at the root–soil interface at the end of light-incubated
cycles: (A) Rice roots covered in iron plaque. (B) Radial oxygen concentrations surrounding root tips
35 DAT (DAT = days after transfer), a-b indicates a transect where O2 and Fe(II) were measured and
Fe(II) oxidation kinetics were calculated. (C) Transect a-b: representative concentrations of O2, Fe(II)
and calculated homogeneous Fe(II) oxidation rate along transect.

In order to spatio-temporally quantify changes in local O2 patterns surrounding root tips, O2

concentrations were recorded in 5-minute time intervals over a period of 48 h. Local O2 concentrations
were quantified in three designated areas (1 cm2) (Figure 2A). Within two diurnal cycles of 24 h each,
highest local O2 concentrations surrounding three designated root tips were observed at the end of light
incubated cycles (Figure 2A–D). During dark incubated cycles, local O2 concentrations in the vicinity of
root tips remarkably decreased by more than 80% with 2.7 (±1.0) µM hour−1 on average within 10 h of
incubation the dark (Figure 2E; Table 1). Examples include O2 hot spots where local O2 concentrations
of up to 100 µM O2 and a radial expansion of 5–10 mm in the light decreased to O2 concentrations
of <50 µM and a radial expansion of less than 5 mm in the dark (Figure 1; Figure 2A–D). Repeatedly
within 48 h, both the lowest O2 concentrations and lowest degrees in expansion were measured at the
end of the dark-incubated cycles among all root tips (Figure 2). With the initiation of illumination,
O2 loss from root tips was observed to respond within 2 h by an increase in local O2 concentrations
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by 2.0 (±1.2) µM hour−1 on average measured at three replicate root tips (Figure 2A–D). Similarly,
the radial O2 expansion increased and plateaued between 5–10 mm after 9 h of light incubation before
it decreased again with the initiation of the following dark cycle.

Soil Syst. 2020, 4, x FOR PEER REVIEW 6 of 19 

 

D). Similarly, the radial O2 expansion increased and plateaued between 5–10 mm after 9 h of light 

incubation before it decreased again with the initiation of the following dark cycle. 

 

Figure 2. Diurnal changes in local O2 concentrations at root tips. (A)–(D) illustrate three root tips and 

local O2 concentrations in the range of 0–125 µM O2 represented as color coded pixels. Colored squares 

1–3 represent areas around root tips (1.0 cm2) where local O2 concentrations were quantified at the 

end of dark (10 h) and light (14 h) incubated cycles, respectively. (E) displays averaged measured local 

O2 concentrations over time, measured in time intervals of 5 min for each root tip area 1–3, 

respectively. 

Table 1. Responses of local root tip O2 concentrations to diurnal cycles. Changes in local O2 

concentrations (Δ O2 local) at three designated root tips (roots 1–3) and average changes during dark 

(10 h) and light (14 h) incubation. 

Δ O2 Local Concentration at Root Tip Dark (µM hour−1) Light (µM hour−1) 

Root 1 -3.8 (±0.6) +3.2 (±0.8) 

Root 2 -2.4 (±0.4) +2.0 (±0.3) 

Root 3 -1.9 (±0.3) +0.9 (±0.2) 

Average -2.7 (±1.0) +2.0 (±1.2) 

3.2. Iron Plaque Mineral Formation and Transformation 

The release of O2 from roots lead to the oxidation of Fe(II) and the formation of ferric iron 

minerals on the root surface across the entire rhizosphere. Following analysis of rhizosphere images, 

we observed that after 3 DAT freshly precipitated orange-colored iron plaque minerals formed on 

young roots (Figure S1B–G, Supporting Information). Following root growth and iron plaque mineral 

formation over 45 days, both the average total root surface area and surface area of root iron plaque 

increased significantly following a linear trend over time (Figure 3A; Figure S1A, Supporting 

Information) with an averaged formation of 4.3 cm2 root surface area (R2 = 0.97) and 1.7 cm2 iron 

plaque surface area (R2 = 0.98) precipitating per day. However, among all replicate setups, the ratio 

of iron plaque covered to non-covered root surface area widely varied within 30 DAT ranging from 

Figure 2. Diurnal changes in local O2 concentrations at root tips. (A–D) illustrate three root tips and
local O2 concentrations in the range of 0–125 µM O2 represented as color coded pixels. Colored squares
1–3 represent areas around root tips (1.0 cm2) where local O2 concentrations were quantified at the end
of dark (10 h) and light (14 h) incubated cycles, respectively. (E) displays averaged measured local O2

concentrations over time, measured in time intervals of 5 min for each root tip area 1–3, respectively.

Table 1. Responses of local root tip O2 concentrations to diurnal cycles. Changes in local O2

concentrations (∆ O2 local) at three designated root tips (roots 1–3) and average changes during dark
(10 h) and light (14 h) incubation.

∆ O2 Local Concentration at Root Tip Dark (µM hour−1) Light (µM hour−1)

Root 1 −3.8 (±0.6) +3.2 (±0.8)
Root 2 −2.4 (±0.4) +2.0 (±0.3)
Root 3 −1.9 (±0.3) +0.9 (±0.2)

Average −2.7 (±1.0) +2.0 (±1.2)

3.2. Iron Plaque Mineral Formation and Transformation

The release of O2 from roots lead to the oxidation of Fe(II) and the formation of ferric iron minerals
on the root surface across the entire rhizosphere. Following analysis of rhizosphere images, we observed
that after 3 DAT freshly precipitated orange-colored iron plaque minerals formed on young roots
(Figure S1B–G, Supporting Information). Following root growth and iron plaque mineral formation
over 45 days, both the average total root surface area and surface area of root iron plaque increased
significantly following a linear trend over time (Figure 3A; Figure S1A, Supporting Information) with
an averaged formation of 4.3 cm2 root surface area (R2 = 0.97) and 1.7 cm2 iron plaque surface area
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(R2 = 0.98) precipitating per day. However, among all replicate setups, the ratio of iron plaque covered
to non-covered root surface area widely varied within 30 DAT ranging from <15% to more than 50%
of the total root surface covered in iron plaque precipitates (Figure 3B). Yet, towards the end of the
experiment after 45 DAT, on average 36 (±2.6)% of the total root surface area in all setups were covered
in iron plaque minerals which corresponds to an average root iron plaque surface area of 75 (±13.6)
cm2 per plant at the end of the experiment.
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Figure 3. Root iron plaque formation during plant growth. (A) Iron plaque mineral surface (cm2 per plant)
on roots during plant growth (DAT = days after transfer) of five replicate plants (filled symbols), mean
root iron plaque surface area (cross & punctuated line) and standard deviation (grey bars); (B) Ratios
of iron plaque-covered to non-covered root surface area (%) in rhizotrons during plant growth over
45 DAT, averaged ratio of all replicates (cross and punctuated line) and standard deviation (grey bars).

Iron plaque minerals collected at the end of the growth experiment from (i) the basal root zone
(approx. 40 days old), (ii) the middle part of the root (approx. 20 days old), and (iii) the root tips
(freshly formed iron plaque) differed substantially in their mineralogical composition. The oldest
root iron plaque minerals showed the highest degree in crystallinity with 15% goethite, approx. 10%
lepidocrocite and some resilient ferrihydrite (Figure 4; Figure S2A; Table S1). Root iron plaque minerals
collected from the middle part of the root section were composed of 25% lepidocrocite, approx. 70%
ferrihydrite and 5% goethite only (Figure 4; Figure S2B; Table S1). Freshly formed iron plaque collected
from root tips was dominated by >95% ferrihydrite and a small fraction of approx. 4% potentially
sorbed/complexed Fe(II) (Figure 4; Figure S2C; Table S1).
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3.3. Iron Plaque Reduction, Mineral Transformation, and Reductive Dissolution

In order to quantify the extent of iron plaque that can be reduced and remobilized microbially,
roots from rice plants that were covered with iron plaque minerals were exposed to an Fe(III)-reducing
enrichment culture isolated from a paddy field (Vercelli, Italy; 99.8% identity to Geobacter sp. CD1 [39]
based on 16S rRNA). Within 24 h, iron plaque minerals in biotic setups changed in color from orange
to black, while abiotic control incubations remained orange (Figure 5A). In biotic setups, dissolved
Fe(II) concentrations increased significantly from initially <10 µM Fe(II) to 730 (±130) µM Fe(II)
after 24 h which translates to an Fe(II) remobilization rate of 15 µmoles per hour. In the inhibited
control incubation, Fe(II) concentrations remained constant throughout the experiment with Fe(II)
concentrations <50 µM. Following 43 h of incubation, Fe(II) concentrations declined by approx. 15% in
biotic incubations and leveled off at constant concentrations of around 550 µM Fe(II) until the end of
the incubation after 185 h (Figure 5B).Soil Syst. 2020, 4, x FOR PEER REVIEW 9 of 19 
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Figure 5. Root iron plaque reduction. (A): Root iron plaque exposed for 24 h to an Fe(III)-reducing
enrichment culture (99.8% similarity to Geobacter spp.). Iron plaque minerals changed from orange
(control) to black (biotic) during incubation. (B): Dissolved Fe(II) concentrations in medium during iron
plaque reduction. Iron(III) plaque minerals were reduced and Fe(II) remobilized through microbial
reductive dissolution. Error bars represent experimental standard deviation from six replicate setups.

During microbial reduction, also the iron plaque mineralogy changed considerably. After 185 h,
a sample was collected from biotic and control incubations. Mössbauer spectroscopy demonstrated
that iron minerals in the control incubation can be identified as 90% ferrihydrite and 10% lepidocrocite
(Figure S3A). On the contrary, in active Fe(III)-reducing incubations, more than 80% of the remaining
iron plaque on the root surface was composed of Fe(II) minerals (e.g., 70% Fe(II) (oxyhydr)oxides
and 10% Fe(II)-sulfur species), while only 20% of the root iron plaque minerals remained as Fe(III)
(oxyhydr)oxide identified to be ferrihydrite (Table S2; Figure S3B). Iron mineral extractions after the
incubation confirmed that 20–29% of the total initial iron plaque (ranging from 60.2–189.0 mg g−1 dry
root weight, mean 117.4 (±23.0) mg g−1 dry root weight) was remobilized as Fe(II) during microbial
incubation (Table 2).

Table 2. Iron plaque formation, remobilization, and transformation during microbial Fe(II) reduction.
Total iron plaque mineral formation on roots was quantified by mineral extraction.

Total Root Iron Plaque
(mg Fe g−1 Dry Root

Weight, (Mean))

Iron Plaque Remobilization
(mg Fe g−1 Dry Root Weight (%))

Iron Plaque Fe(II)/Fe(III)
Ratio after Incubation (%)

Remobilization Ratio 60.2–189.0 (117.4 ± 23.0) 23.4–58.6 (20–29) 73–85



Soil Syst. 2020, 4, 28 9 of 19

3.4. Spatio-Temporal Iron Plaque Reduction, Fe(II) Remobilization, and Rhizosphere Gradients

Roots covered in iron plaque were exposed to the Fe(III)-reducing enrichment culture and incubated
in transparent growth gel in order to spatio-temporally follow Fe(III)-reduction and remobilization of
Fe(II) from roots. After 3 days, black colored iron plaque was observed in a heterogeneous pattern and
constituted approximately 50% of the total iron plaque on roots (Figure 6). Changes in color from initially
orange minerals to dark phases were previously demonstrated to indicate Fe(III) reduction and mineral
transformation. Over the following days, black minerals dominated root iron plaque and expanded
over the entire root biomass (Figure 6A–D). After 10 days of incubation, the entire root biomass was
fully covered in black minerals (Figure 6E). Dissolved Fe(II) was measured voltammetrically along a
transect through the rhizosphere to quantify dissolved Fe(II) as a product of reductive dissolution of
iron plaque. Concentrations of Fe(II) varied to a large extent from <500 µM at positions without roots
to high concentrations reaching >1.5 mM Fe(II) close to roots covered in black precipitates (Figure 6F).
Reduced iron plaque minerals were analyzed by Mössbauer spectroscopy as identified as similar
mineral phases (as Fe(III) mineral vivianite, potentially Fe(II)–S phase and some resilient ferrihydrite)
as previously observed in liquid culture iron plaque reduction experiments (Table S3; Figure S4).
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Figure 6. Microbial Fe(III) iron plaque reduction. (A–E): Roots covered with iron plaque minerals
incubated in rhizotron with an Fe(III)-reducing enrichment culture. Iron plaque minerals change in
color over time A, t0: day 0–E, t10: day 10. (F): Voltammetric measurements along transect a-b in
setup of figure, after 10 days of incubation, detect Fe(II) remobilized from root iron plaque is closely
associated with roots. Error bars represent standard deviation from triplicate voltammograms.

4. Discussion

4.1. Rice Roots as Initiator for Rhizosphere Iron Mineral Formation and Heavy Metal Immobilization

Research interest in iron plaque on rice roots raised significantly over the last decades [24–26,28].
Numerous studies impressed with estimates derived from laboratory and field observations attempting
to explain the sorption of soil components to iron plaque and quantifying the iron plaque immobilization
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capacity for contaminants [24–28]. The results in the current study aim to complement the understanding
of rice roots as an important driver for the formation of soil iron minerals. Here, we found that an
averaged total of approx. 75 cm2 per plant iron plaque surface area was calculated to have formed
on the root surface until the end of the growth cycle after 45 DAT (Figure 7). It has been previously
observed that root iron plaque can form on roots of rice plants and form a thick layer between
20–40 µm [41,42]. Given the calculated iron plaque surface area and the range of reported iron plaque
layer thickness, the resulting volume of iron plaque that can form on the roots until 45 DAT was
calculated to reach values between 150 mm3 to 300 mm3 per plant. Since ferrihydrite was the most
dominant iron mineral species identified in the iron plaque in our setups, the density of ferrihydrite
of ρFh = 3.8 g/cm3 [43] was considered as an estimate for the density of all iron minerals that formed
as root iron plaque. This estimate results in a total of 570 mg to 1140 mg of ferrihydrite that can
theoretically form on the root surface of one plant within 45 DAT. Considering that ferrihydrite consists
of approx. 70 atomic weight % of iron atoms, this results in a net mass of around 400 mg to 800 mg iron
that precipitated as iron minerals on the roots of each rice plant within only 45 days. In comparison
with the observed linear trend of averaged 1.7 cm2 root iron plaque surface area being formed per day,
which corresponds to a volume of up to 5.1 mm3 root iron plaque, we estimated that 20 mg ferrihydrite
(which represents approx. 14 mg soil-borne iron) can precipitate daily on the root surface of one single
rice plant. Evidently, this large number of iron minerals that can precipitate on the root surface has
broad consequences not only for the immobility of soil-borne iron but the biogeochemical cycling of
iron in paddy soils. With around 80–100 rice plants conventionally planted per square meter of paddy
soil, more than 1.2 g soil-borne iron can precipitate on rice roots within one cubic meter of flooded
paddy soil per day. A paddy field in south east Asia, that is commonly characterized by 20–50 g iron
per kg wetted soil [14,44] and an averaged bulk density of approx. 1.5 g/cm3 [45], can contain between
3 × 104–7.5 × 104 g iron per m3 soil. Following the concept and the constant availability of dissolved
Fe(II), rice plants would have the potential to daily affect between 2–5 ppm of the total soil by iron
plaque formation. Considering the medium duration of 120–140 days per growing season, the roots of
rice plants would theoretically be able to precipitate 156–182 g iron as root iron plaque minerals per
growing season within one cubic meter soil, which represents a maximum of approx. 0.6 % of total iron
budget in a paddy soil. Although 0.6 % seems to represent only a small fraction of the total iron budget
in a paddy field, the consequences for the retention of dissolved substances, such as nutrients, (cat)ions,
or contaminants might be significantly impacted. The total surface area of iron plaque minerals that can
form under the hypothesized conditions increases daily by 170 cm2 per m3 paddy soil when 100 plants
are planted. Ideal ferrihydrite in particular, is dominated by singly-coordinated surface groups with a
reported number of 6.0 ± 0.5 nm−2 [43]. Consequently, a formation of 170 cm2 iron plaque surface area
provides a total number of 1.02 × 1017 singly-coordinated surface groups where dissolved ions in the
pore water, such as phosphate, carbonate, and heavy metals, i.e., arsenite or arsenate can build a Stern
layer [46] and form inner-sphere complexes with the root iron (oxyhydr)oxides.

The formation of plant-induced iron (oxyhydr)oxide minerals in the soil horizon could theoretically
also impact the retention of other soil constituents and metal(loid)s such as arsenic. In other words,
under the theoretic assumption that one dissolved soil-borne ion can bind to one surface group of
root plaque ferrihydrite, the observed formation of root iron plaque on the roots of rice plants could
provide surface sites for approx. 0.2 µmoles dissolved ions per day within one m3 of paddy soil.
Typically, paddy fields contaminated with arsenic contain up to 150 µg arsenic (=2 µM) per liter
pore water. Given an effective soil porosity of 0.25, which is commonly observed in wetted paddy
fields [47], the pore water of 1 m3 paddy soil can effectively contain 500 µmoles of arsenic ions. Based
on these assumptions and the observed root iron plaque formation from the current study, the roots of
100 rice plants on one 1 m2 paddy field would have the potential to form iron mineral surface sites
that can bind and immobilize up to 20 µmoles of arsenic per growing season, which corresponds to
approx. 5% of the total dissolved arsenic in 1 m3 contaminated paddy soil. In addition to one layer
of inner-sphere complexes, also outer-sphere adsorption complexes might play an important role in
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arsenic immobilization and even increase the root iron plaque sorption capacities for arsenic ions [48].
On the contrary, it is worth mentioning that root iron plaque mineral surfaces will not exclusively
be occupied by arsenic ions only. A large variety of dissolved and mobile soil components, such
as phosphate, magnesium, soil organic matter and other chelating compounds [49] might compete
for surface binding sites on the root iron plaque and potentially decrease the net amount of arsenic
binding to root iron plaque. Moreover, as ferrous iron concentrations in rice paddies can vary to a
large extent, the reported estimates for the formation of root iron plaque minerals potentially only
apply for soil parameters with similar, rather elevated, iron concentrations. In paddy soils with a
relatively high abundance of clay minerals, dissolved Fe(II) concentrations were reported to be lower,
thus diminishing the formation of root iron plaque minerals. Consequently, our assumptions might
represent only a conservative estimate for the potential of root iron plaque to immobilize arsenic from
the pore water. However, these findings can help to serve as a guideline for an approximation of
contaminant (im)mobility in paddy fields which is lacking so far. Moreover, the estimated extent
of roots in forming soil iron minerals by aerobic redox reactions and the capability to immobilize
dissolved soil constituents demonstrate the impact rice plants can have on the oxidative side of the
iron biogeochemical cycle in paddy fields.
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Figure 7. Summary of biogeochemical processes observed in this study that affect the rhizosphere
iron cycle at and around rice roots covered in root iron plaque. (Left): Oxidative side of the outlined
rhizosphere iron cycle with estimates for an immobilization of iron per gram dry weight rice root, root
iron plaque coverage, and diurnal changes in ROL at root tips that affect local redox conditions. (Right):
Reductive side of the proposed rhizosphere iron cycle with observed rates and extent for root iron plaque
remobilization through reductive dissolution and reductive mineral transformation by the Geobacter spp.
culture used in the current study, affecting iron plaque crystallinity and bioavailability, respectively.
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4.2. Impact of Microaerophilic Fe(II)-Oxidizers on Iron Plaque Formation

Several studies proposed that Fe(II) oxidation and iron mineral formation in wetland soil
ecosystems are abiotic processes [50,51] driven by ROL only. However, field studies demonstrated that
neutrophilic Fe(II)-oxidizing bacteria are associated with roots covered in iron plaque [17,29,52] and
additional studies under laboratory-controlled conditions showed these bacteria can actively contribute
to Fe(II) oxidation [33] while others quantified that these bacteria can even enhance root iron plaque
formation by up to 40% [18]. Weiss et al. (2003) [29] observed that a low abundance of microaerophilic
Fe(II)-oxidizing bacteria co-occurred even with the lowest iron plaque formation on roots of wetland
plants. Although complex geochemical dynamics in paddy soils are hard to decipher, we recently
showed that the habitats for microaerophilic Fe(II)-oxidizing bacteria in a rice plant rhizosphere are
highly dynamic in space and time and that these bacteria find ideal conditions in the entire rice plant
rhizosphere [19]. This observation is supported by findings from Weiss at al. 2003 [29] who found
that the relative abundance of microaerophilic Fe(II)-oxidizing bacteria in the rhizosphere exceeded
the abundance in bulk soil. However, even without a contribution of microaerophilic Fe(II)-oxidizing
bacteria, large amounts of ferric minerals formed along the roots and covered more than 30% (Figure 3;
Figure S1B) of the root surface with more than 60 mg g−1 dry root weight precipitation on the roots.
Taking into account the 30% of plant root surface area which was affected by ROL and iron plaque
formation, given the reported numbers of microaerophilic Fe(II)-oxidizing bacteria in wetland soils
ranging from 7.1 × 102–1.1 × 106 g−1 dry weight soil (up to 4.1 × 105 cells cm−3 soil) [29] and the
reported Fe(II) oxidation rates for a large variety of microaerophilic Fe(II)-oxidizing bacteria ranging
from 1.0–8.3·10−16 mol Fe(II) cell−1 hour−1 [18,33,53,54], net microaerophilic Fe(II) oxidation can
conservatively be estimated to oxidize between 4.1 × 10−11 to 3.4 × 10−10 mol Fe(II) cm−3 (0.04 to
0.34 mmol Fe(II) m−3) wetland soil per hour regarding the highest reported cell numbers from paddy
fields. This amount of microaerophilically induced iron mineral formation could result in a total of
0.03 to 0.4 g iron mineral precipitation within one m3 paddy soil per day under optimum conditions.
Compared to the finding that more than 1.2 g soil-borne iron that can precipitate on rice roots within
one cubic meter of flooded paddy soil per day, the impact of biogenic microaerophilic Fe(II) oxidation
can vary to a large extent but has the potential to enhance net total iron mineral formation in the
rhizosphere by approx. 3–30%. On the contrary, the microbial oxidation of soil-borne Fe(II) and the
sequestration of O2 by these bacteria could potentially reduce abiotic oxidation kinetics and diminish
the role of plant-mediated iron plaque formation, suggesting that the net contribution to Fe(II) oxidation
can be even more attributed to the microbial activity.

Considering that reported cell numbers for microFeOx were likely underestimated [29] due to the fact
that <1% of soil microbial community is cultivatable under laboratory conditions, the absolute number of
microFeOx in the environment might be even higher and the calculated impact underestimated. On the
contrary, in the environment numerous other complex biogeochemical processes (e.g., nitrate-dependent
Fe(II) oxidation, annamox, oxidizing chelators) can contribute to the oxidative side of the rhizosphere
iron cycle, compete with microaerophilic Fe(II) respiration [55] and lower the effective impact of
microaerophilic Fe(II) oxidation which cushions their role in iron mineralization. On the contrary,
the sequestration of O2 from ROL by microaerophilic Fe(II)-oxidizing bacteria might diminish local O2

concentrations surrounding individual roots. Both the production of ferric biominerals, as a product of
microbial Fe(II) oxidation, and the depletion in O2 might create suitable conditions for Fe(III)-reducing
microorganisms usually sensitive to O2. These bacteria could be attracted into the redox-active zone in
the vicinity of the roots and conserve metabolic energy by microbially reducing the ferric minerals
produced by microaerophilic Fe(II)-oxidizers. However, these assumptions might represent only
an ideal and vague estimate. Nevertheless, the reported observations can help to complement the
quantitative understanding of the microaerophilic rhizosphere iron cycle and shed light on a yet
potentially underestimated plant–microbe interaction that can effectively contribute to iron mineral
deposition in flooded paddy fields.
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4.3. Root Iron Plaque as a Hot Spot for Fe(III) Reduction

In this context, it is worth mentioning that Fe(III) minerals also represent an ideal electron
acceptor for numerous Fe(III)-reducing bacteria [13]. Especially poorly crystalline Fe(III) oxides (such
as ferrihydrite) that have been observed on the roots of rice and numerous other wetland plants
growing in natural settings [7] were speculated to favor the high abundances of Fe(III)-reducing
bacteria in wetland rhizospheres [56,57]. In particular, associated with roots, these Fe(III)-reducing
microorganisms showed a significantly higher relative abundance in the rhizosphere (>10%) compared
to bulk soil [57]. In practice, acetate and plant-derived root exudates are readily bioavailable carbon
sources and widely found in the vicinity of roots of numerous wetland plants [58–60]. For such reasons,
roots covered in ferric iron minerals also represent an ideal habitat for Fe(III)-reducing bacteria, such
as Geobacter spp., that can couple the oxidation of these fatty acids and organics to the reduction of root
Fe(III) plaque [57,61]. With the current findings, it is now realized that Geobacter spp. is capable of
remobilizing more than 30% of the iron plaque minerals within a relatively short time (<24 h; Figure 5,
Table 2). Given the rate of more than 15 µmoles Fe(II) per hour being released by reductive dissolution,
this demonstrates that Fe(III)-reducing bacteria can have a huge impact on the remobilization and
transformation of iron plaque minerals. This remobilization by reduction was in focus of a large
variety of observations. Historical examples include a study by King and Garey (1999) [56] which is
probably one of the first studies that found ecologically relevant reduction of iron from around 4.5 mg
Fe per g−1 dry root weight of wetland plants. They observed that iron was only reduced under anoxic
conditions and consolidated the importance of microbial Fe(III) reduction for the iron redox cycling in
water-logged temperate environments. Presently, our findings showed that microbial Fe(III) reduction
can not only contribute significantly to Fe(III) plaque reduction (by up to 70%) but considerably impact
Fe(II) remobilization from iron plaque with more than 23 mg Fe(II) being released per plant within
less than 48 h (Figure 5). Most remarkable yet was that iron plaque minerals which were found to be
microbially reduced showed highest concentrations radially spread in the close vicinity of the root
surface and only little mobility (10–25 mm) in the artificial soil matrix (Figure 6). This suggests that
the reduction of ferric iron minerals and the remobilization of one-third of the initial iron plaque
precipitates as Fe(II) to the vicinity of the root surface can fuel, e.g., microbial Fe(II) oxidation, only in a
small redox active microenvironment closely (within 25 mm) surrounding the root surface.

While young roots showed predominantly low-crystalline ferrihydrite as freshly precipitated
iron plaque, a relatively high proportion of >20% lepidocrocite and goethite was found on older
(approx. 42 days old) roots (Figure 4). These transitions in iron mineralogy suggest that the degree in
iron plaque crystallinity correlates positively to root age (Figure 7). Generally, such time-dependent
changes in crystallinity are commonly observed to be the result of mineral transformation processes,
referred to as Ostwald ripening [62]. Under environmental aspects, these changes in iron plaque
mineralogy not only affect surface properties of the iron plaque itself but also decrease sorption
capacities for, e.g., nutrients and contaminants. A decrease in sorption capacities, as it was observed
for higher crystalline iron minerals, can have drastic negative effects on contaminant retention [63–65].
Moreover, the higher relative abundance of more crystalline iron plaque minerals was demonstrated
to decrease the bioavailability for microbial Fe(III) reduction [66,67] and thus the remobilization
rate of iron plaque-derived Fe(II). We therefore conclude that, with time, iron plaque minerals are
becoming more recalcitrant towards (abiogenic and microbial) Fe(III) reduction and that the microbial
bioavailability correlates negatively with root age. In doing so, microbial processes, such as Fe(III)
reduction and reductive dissolution, might be inhibited by the abundance of more crystalline iron
mineral phases shifting the dominance in impacting the iron plaque reduction to more prevalent
abiotically-induced reducing processes, such as by humic acids or other plant-derived complexing
compounds. This hypothesis is strongly supported by findings from Roden et al. 1996 [68] and recently
from Najem et al. (2016) [69] who observed a significantly lower microbial Fe(III) reduction rate
for Fe(III)-reducing bacteria grown on aged or higher-crystalline iron minerals compared to growth
on freshly precipitated ferrihydrite. We therefore suspect that while the crystallinity of root iron
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plaque minerals increases with root age, the availability to serve as a substrate for Fe(III)-reducing
bacteria gradually decreases during plant growth (Figure 7). Under these circumstances, we conclude
that young roots (i.e., root tips) may represent a highly dynamic iron redox hot spot. Here, freshly
precipitated low-crystalline iron plaque minerals can form which immediately serve as ideal substrate
for microbial Fe(III) reduction. Apparently, the bulk root zone is predominantly characterized by
more stagnant iron redox conditions due to higher-crystalline iron mineral fractions (Figure 4) and
constantly oxygenated conditions which both can inhibit Fe(III) reduction. For such reasons, we
suggest that plant induced iron plaque formation, the alteration of minerals, and more importantly,
vertical temporal-dynamic iron plaque reduction need to be considered as important parameters for
future rhizosphere studies in paddy fields.

4.4. Root Tips—The Light Dependent Locomotion for Rhizosphere Redox Changes in Paddy Soils

In addition to the foregoing, we recognized that root tips showed the highest extent in O2

concentration dynamics. During light-incubated cycles, O2 concentrations around root tips increased
periodically to concentrations O2 > 100 µM expanding the oxidized zones 5–10 mm radially into the
anoxic zones. Both, O2 concentrations and the expansion decreased during dark incubated cycles
to O2 concentrations <50 µM, with a radial expansion of less than 5 mm around root tips. Along
with a stagnation in root growth for 1–3 days, dense ferric iron precipitates settled on the root tip
forming a rusty cover on the root cap. As soon as root growth proceeded, the root tip broke through
the ferric mineral cover and remained free of any mineral cover before O2 levels increased locally
in the following 48 h. The formation of these thick iron plaque covers on the root tips was always
accompanied by an increase in ROL from root tip zones, which supports our hypothesis that root tips
represent a highly dynamic hot spot for redox reactions such as the oxidation of Fe(II) and formation of
low-crystalline iron plaque minerals. Historically, the oxidizing capacity of root tips in anoxic paddy
soils was observed by Flessa et al. (1992) [35] who found that rice root tips can radially (1–4 mm)
increase local redox conditions. Most surprising yet in the current study was that the oxidizing capacity
of these root tips followed a diurnal pattern that correlated to the availability of light. Consequently,
in an otherwise anoxic environment, the root tips can be considered as a redox-active precursor
for the oxygenation of the rhizosphere and as a main driver for redox changes in soil-borne iron
speciation. More importantly, the root tip-induced O2 availability not only changes iron speciation,
but also dominantly affects the soil redox zonation and microbial community shifts throughout the
rhizosphere. While the moderate efflux of O2 from root tips (5 µM < O2 < 50 µM) (Figure 1) might create
optimum conditions for microFeOx [19,33], also other O2-dependent (bio)geochemical processes may
be triggered by the pulsating ROL from root tips. Exemplarily, it was demonstrated that the temporal
availability of O2 can trigger heterotrophic microorganisms or aerobic methanotrophs. Consequently,
this increase in aerophilic microbial activity can not only increase soil organic carbon turnover, but also
decrease CH4 emissions in and from paddy soils [70]. In contrast, regions in the ferric iron plaque
minerals with low (no) O2 and the presence of plant exudates (such as chelators and short-chained
fatty acids) can then trigger Fe(III)-reducing bacteria sensitive to O2, e.g., Geobacter spp. to thrive
their metabolic activity by using low-crystalline Fe(III) plaque minerals as electron acceptor (Figure 5).
This dynamic heterogeneity in ROL, rapid local changes in Fe speciation on and around root tips
and the spatio-dynamic formation of habitable zones for both aerobic Fe(II)-oxidizing and anaerobic
Fe(III)-reducing bacteria that are closely involved in iron plaque redox cycling, prove the so far only
speculated importance of the root tips as a precursor for plant-induced redox changes in an otherwise
anoxic rice paddy [71].

4.5. Environmental Relevance

Biogeochemical iron redox processes that depend on the availability of O2 are linked to the
presence of root related ROL that represents the only supply of O2 in water-logged paddy fields. In fact,
ROL is not only the main parameter that ultimately triggers ferric iron plaque mineral formation
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but is an essential driver that enables, e.g., neutrophilic microbial microaerophilic Fe(II) oxidation
in the rhizosphere [17]. Even so, the availability of O2 from ROL was demonstrated to shift entire
soil microbial community composition structures and energy conservation pathways [14]. Examples
include Fe(III)-reducing bacteria (such as Geobacter spp.) which are sensitive to O2 [72], would not be
able to conserve energy from root Fe(III) plaque reduction under (micro)oxic conditions as they are
prevalent in the close vicinity of the root surface (Figure 1). Microaerophilic Fe(II)-oxidizing bacteria,
however, can find their ideal niche conditions in the opposing gradients of soil-borne Fe(II) and O2 from
ROL [15,17] and might even enhance Fe(II) oxidation kinetics [33] and consequently contribute to root
iron plaque formation [18]. As shown in the current study, ROL showed extremely high spatial and
temporal variation throughout the entire rhizosphere which in turn would shift prevalent conditions
favoring (microbial and abiotic) Fe(II) oxidation to Fe(III) reduction and vice versa. Especially during
the vegetative growth phase of rice plans, longitudinal O2 diffusion towards the root apex [73] was
shown to promote Fe(II) oxidation kinetics and Fe(III) mineral formation at the root tips (Figure 1A,C),
while obligate anoxic Fe(III)-reducing bacteria would be inhibited.

In the paddy soil environment, the total root iron mineral surface area which increased with plant
age (Figure 2) can consequently affect the retention of nutrients and has the potential to immobilize
heavy metals and contaminants to a relevant extent. Moreover, our results imply that they can impact
the soil iron budget to a relatively large extent, which can have consequences for a large variety of
soil processes, such as methane emissions from paddy fields [74,75], and the preservation of soil
organic carbon [76]. The reductive side of the iron redox cycle closes by Fe(III)-reducing reactions that
consequently depend on the availability of Fe(III) minerals. These minerals can serve as an electron
acceptor for a large variety of microbially-mediated processes such as heterotrophic Fe(III) reduction
or abiotically induced Fe(III) reduction by H2 and other chelating compounds such as plant exudates.
Metabolic energy conservation under these conditions is only possible when the pool of Fe(II) and Fe(III)
is constantly refueled to serve as a microbial electron source or acceptor either way. These findings
strongly support our hypothesis that rice roots can considerably impact the biogeochemical iron cycle in
water-logged paddy fields. Not only is the oxidative power of the plant root itself catalyzing numerous
iron redox processes, but it also serves as an important conductor for O2 that spatio-dynamically
enables and disables microbial iron redox reactions. Undoubtedly, the current study investigated
rhizosphere processes on a rather simplified analogue to a more complex and interacting rice paddy
ecosystem containing numerous other key members interacting with the rhizosphere trinity of plant,
soil, and bacteria. However, the current observations extent our understanding in the rhizosphere iron
cycling and help to decipher individually that rice plant roots can be one of these key members for
both the reductive and oxidative side of the soil-borne iron cycle [14,58]. We suggest future research to
include similar approaches, increasing the integrity of biogeochemical interactions to fully decipher
potential cross-links in the iron cycle between the enormous variety of participants. One potential
step towards an understanding of the iron cycle in a more complex rhizosphere system could be the
quantitative spatiotemporal investigation of root iron plaque formation incubated in the presence and
absence of different members of iron-cycling bacteria, and the availability of soil-extracted soil organic
matter or humic substances as metabolic substrate. Moreover, different irrigation practices could also
be simulated in future studies. Soil redox conditions in the current setup were maintained constantly
anoxic, representing water-logged paddy field. Periodic draining of paddy fields, however, might
switch redox conditions to prevalent oxic conditions, suppressing microbial Fe(III) reduction. All these
variable parameters taken together, the understanding of this spatio-dynamic small-scale iron redox
rhizosphere system can have a huge impact on large scale observations and should be considered for
future investigations of the rhizosphere iron redox cycle in paddy fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/4/2/28/s1,
Figure S1: Root surface, iron plaque area and evolution of root iron plaque during rice plant growth; Table S1:
Mössbauer spectra hyperfine parameters for root iron plaque minerals; Figure S2: Mössbauer transmission spectra
of root iron plaque minerals collected at 77 K; Table S2: Mössbauer spectra hyperfine parameters for non/reduced
root iron plaque minerals. Figure S3: Mössbauer spectra of root iron plaque reduction experiments measured at
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77 K. Table S3: Mössbauer spectra hyperfine parameters for non/reduced root iron plaque minerals; Figure S4:
Mössbauer spectra of root iron plaque reduction experiments in rhizotron measured at 77 K.
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