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Abstract

Aims The biogeochemical cycles of elements from soils to plants are mainly governed
by their rhizosphere processes. Understanding these processes is challenging and
remains largely unresolved due to the complex interrelationships among different
elements and due to a lack of appropriate techniques for simultaneous spatiotemporal

monitoring.

Methods This study employed an updated In-situ Porewater Iterative (IPI) sampler to
collect porewater across the rice rhizosphere at a spatial resolution of 1.7 mm and a
time interval of 3-10 days. An IPI sampler array (0-22 mm measurement distance
every 1.7 mm) was adopted to capture the in situ spatiotemporal dynamics of ten
elements (Fe, Mn, As, P, S, Cr, Co, Zn, Sb and Cd) in the paddy rhizosphere to
examine their covarying changes in time and space dimensions, with an emphasis on

As and Cd.

Results The findings revealed that the solute-phase concentration of most elements,
other than Sb and Cd, increased to a peak after 30 days of paddy soil flooding and
then decreased. Additionally, Sb and Cd continuously decreased during flooding. Fe
(-52%), Mn (-17%), P (-43%), Co (-11%), and As species (-74%) were substantially
immobilized within a 10 mm zone around the roots, while Zn (28%) and Cd (41%)
increased. Almost all arsenite-oxidizing genes were significantly promoted in the

rhizosphere.

Conclusions Our study showed most sampled elements covaried with Fe both in time
and space in the rhizosphere, but the elements are temporally and spatially determined

by multiple biogeochemical processes in soils as well as exudates from plant roots.
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Introduction

The ability of rice to adapt in order to grow under diverse conditions (aerobic and
anaerobic) gives it a unique status among crops. This diversity results in differences in
biogeochemical reactions that alter the interactions between soil chemistry and rice
roots (Kuzyakov and Razavi 2019). Oxygen (O) in paddy soils under flooded
conditions is rapidly consumed by microbes during the rice growth period, and the
passive transportation of atmospheric O, through aerenchymatous tissues enables rice
to withstand hypoxic conditions (Revsbech etal. 1999). O,, other than that respired by
rice roots, is released by roots as radial oxygen loss (ROL), which results in
significant deposition of iron (Fe) in the rhizosphere after reacting with the abundant
ferrous Fe ions (FeZ*) in soil porewater (Chen et al. 2005). The microbial community,
nutrient availability, pollutant mobility, and greenhouse gas emissions in paddy soils
are greatly influenced by alterations in rhizosphere characteristics as a consequence of
ROL-induced oxidizing areas (Kuzyakov and Razavi 2019), which may extend
approximately 10-25 mm from the root surface (Maisch et al. 2019). The elucidation
of all indigenous processes occurring in the rice rhizosphere is imperative for
improving soil and rice quality. However, a thorough description of these processes
remains largely unresolved.

Rhizospheric processes are strongly influenced by the formation of Fe oxides
around rice roots (i.e., Fe plaque) in paddy soils, owing to the diversified role of Fe
plaque as a barrier (Chen et al. 2005; Martin et al. 2019) and/or facilitator (Richardson
et al. 2009; Yin et al. 2020) of mineral uptake. The barrier effect is mainly due to the
high affinity of Fe oxides, which have a high surface area and rich functional groups
capable of binding with anions and cations (Hansel et al. 2001; Suda and Makino

2016). Many studies have reported that Fe plagues inhibit arsenic (As) (Chen et al.
4
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2005), phosphorus (P) (zhang et al. 1999), lead (Ma et al. 2012), copper (Ye et al.
2001), nickel (Ni) (Xu et al. 2015), and cadmium (Cd) (Liu et al. 2007) uptake by
plants. However, the function of the Fe plagues may be reversed when other processes
are involved. The coupling of Fe2* oxidization with proton release leads to
acidification of the rhizosphere (Kuzyakov and Razavi 2019; Maisch et al. 2019),
which in turn enhances metal ion bioavailability through their desorption from solid
minerals (Wang et al. 2019). Furthermore, in reducing paddy soils, sulfides (S(-I1))
are produced by sulfate (S(VI))-reducing bacteria and form metal/metalloid S(-11)
(Arsic et al. 2018; Borch et al. 2010; Pester et al. 2012). The S(-Il) of
metals/metalloids (e.g., copper, Cd, mercury, antimony (Sb) and As) are not readily
available for plant uptake owing to their extremely low solubility. Sulfur (S)-
oxidizing bacteria exposed to the ROL-inducing oxic rhizosphere use rich electron
acceptors (Martin et al. 2019; Thomas et al. 2014), including O, nitrate and Fe oxides,
to oxidize reducing S and remobilize the metals/metalloids. The rhizosphere
acidification and release of root exudates tend to enhance metal/metalloid
remobilization in the rhizosphere (Kuzyakov and Razavi 2019). Assessing element
behaviours in the paddy rhizosphere is difficult due to complex interactions among
elements that are dependent on the chemical nature, root functions, rhizosphere, and
microbial activity of the elements. Consequently, it is plausible to speculate that
different elements have different spatial distributions in the paddy rhizosphere, and a
detailed examination of their distribution in the rhizosphere is required for an in-depth
understanding of the processes occurring in the rice root-soil system.

The chemical gradients in the paddy rhizosphere swiftly change in time and
space. The distribution of oxidized areas along the entire active roots has been

evaluated by using electrochemical probes and planar optodes, but the highest O,
5
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concentrations were observed in the 2-4 mm region around the tips of young roots
(Williams et al. 2014; Yin et al. 2020). In contrast, solute-phase Fe2* exhibits an
opposite trend to O,, namely, Fe2* is low on the root surface (Maisch et al. 2019).
Fine mapping of trace elements in the paddy rhizosphere has rarely been investigated.
A new hotspot of greatly enhanced fluxes of As, Pb and Fe(Il) adjacent to rice root
tips (within a few mm) using diffusive gradients in thin films (DGT) has been
documented (Williams et al. 2014). However, the root tips have a weak impact on
cobalt (Co), manganese (Mn), zinc (Zn), and Ni (Yin et al. 2020). DGT, despite being
a very powerful tool for generating 2D spatial maps of elements, can only take a
snapshot at a certain time interval. Conversely, other soil solution samplers, such as
microsuction cups, can be used for repeated measurements but cannot be used to map
the chemical gradient (Brackin et al. 2017; Seeberg - Elverfeldt et al. 2005). To date,
the measurements cannot probe the dynamics of the rhizosphere at a sufficient
resolution; they are fixed (or limited) either in time or in space. Consequently, a
detailed understanding of the spatiotemporal changes in elements in the paddy
rhizosphere remains dubious due to the lack of appropriate techniques for mapping
the dynamic distribution of elements in the paddy rhizosphere.

This study aimed to reveal the complex processes of soluble elements in the
paddy rhizosphere by applying a tool called Rhizon profiler. The profiler was based
on the In-situ Porewater Iterative (IPI) sampler developed by our group (Yuan et al.
2019), which can repeatedly collect porewater with ultralow disturbance of the soil
matrix. Being coupled with ICP-MS or IC-ICP-MS (Yuan et al. 2020; Yuan et al.
2019), this sampler can provide a two-dimensional (space and time) map of elements
and/or their species in porewater across the paddy rhizosphere. The two dimensions of

the Rhizon profilers are a spatial dimension (0-22 mm distance from the root bag
6
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surface) with a resolution of 1.7 mm and a time dimension with a resolution of 24
hours. This updated sampler can act as a powerful tool to identify hotspots and hot
moments in the rhizosphere. This study focused on As and Cd due to their higher
accumulation in rice grains and the health risk associated with their dietary intake.
However, due to the presence of P, S, Zn, Fe, Mn, Cr, Co, and Sb in paddy soils
(Eberle et al. 2020; Shaheen et al. 2014; Wan et al. 2019; Wang et al. 2019; Zhang et
al. 1999), their potential association with As and Cd behaviors in flooded soils was
also investigated in this study.

We hypothesized that (1) most elements in the paddy rhizosphere covary with Fe
in time and space owing to the high adsorption capacity of Fe oxides and (2) the
ROL-induced zone hosts distinct species distributions mediated by microbes. Four As
species (arsenite (As(lll)), arsenate (As(V)), monomethylarsonic acid (MMA), and
dimethylarsinic acid (DMA)) are common in paddy soils (Guo et al. 2020;
Kumarathilaka et al. 2018; Muehe et al. 2019). As(V) is reduced to As(l11) when soils
become reducing and is further methylated to DMA when anaerobic microorganisms
possessing the capacity for As methylation thrive. The demethylation process driven
by methanogens dominates under continuously decreasing Eh (Chen et al. 2019a).
The transformation of As species may actively occur in the paddy rhizosphere (Afroz
et al. 2019). The availability of electron acceptors and donors makes the paddy
rhizosphere a potential hotspot for the transformation of elemental species; however,
sampling along the redox gradient in the rhizosphere has been a major challenge. This
study endeavored to test these hypotheses with real contaminated paddy soils by

profiling the elements at different distances fromroots.

Materials and methods
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Experimental preparation

As-contaminated paddy soil was collected from Shaoguan (25°6'N, 113°38'E),
China. The topsoil layer (0-20 cm) was sampled followed by wet sieving to remove
stones and plant debris through a 1.0 mm diameter sieve. The selected soil properties
are depicted in Table S1. The rice hybrid Yliangyou-1, with a medium level of ROL
(according to the Fe plaque formation, 56.8 g Fe kg?1) (Chen et al. 2019b), was
sterilized and germinated following the method described in a previous report (Chen
et al. 2012). The seedlings were grown in a Hoagland culture in a glass greenhouse
from 30 March 2019 to 1 May 2019 (three-leaf stage) before being transplanted into
the soils. The plants were grown in a glass greenhouse under natural light, and the
temperature was set and controlled at 25/20 °C days/night controlled by an air
conditioner.
Porewater sampling by Rhizon profilers

The IPI sampler used in this study shares the same design as in a recent report by
our group (Yuan et al. 2021). The structure of an IPI sampler is shown in Fig. 1A. The
IPI sampler includes three components: (1) the hollow fiber membrane tube (modified
polyethersulfone, 20 nm pore size, inner x outer diameter x length = 1.0 mm x 1.7
mm X 35 mm, 27.5 uL, Motimo Membrane Technology Co., L., Tianjin, China); (2)
two pipes (PTFE, inner x outer diameter x length =0.5 mm x 1.0 mm x 180 mm, 35
ul); and (3) two silicon caps (inner x outer diameter x depth x length =1.0 mm x 2.0
mm x 10 mm x 20 mm). When the IPI sampler is deployed into solution or saturated
soils, solutes around the hollow fiber membrane tube can diffuse through the
membrane (Fig. 1A). The solution inside the tube is pumped out and collected when
the diffusion reaches equilibrium (24 hours) (Yuan et al. 2019; Yuan et al. 2021).

During deployment, silicon caps are applied to seal the IPI sampler to avoid potential
8



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

contamination (e.g., gasoline fumes) from the atmosphere. During each sampling
event, a 27.5 uL liquid sample in the sampling tube was mixed with 70 pL ultrapure
water in the pipes when they were pumped out from the sampler. This indicates that
an approximately 100 pL porewater sample can be collected each time by the IPI
sampler, with a dilution factor of 3.5.

One big advantage of the IPl sampler is its disturbance to the porewater is very
small. Firstly, porewater sampling by IPI samplers is non-destructive. Secondly, IPI
samplers do not induce porewater flow in soils. Thirdly, the disturbance of IPI
samplers to the porewater can be further reduced by decreasing the sampling
frequency. In addition, to accurately take the porewater samples, three counter
measures were undertaken in this study: i) IPI samplers are horizontally assembled,
which can avoid the influence of vertically elemental diffusion along the soil profile;
i) the sampling equilibrium can be quickly completed in the sampler (3-24 hours),
during which changes of elements outside the sampler would be very small; iii) IPI
samplers do not remove porewater from the soil, thus elemental migration driven by
water flow is eliminated. Therefore, IPl samplers could serve as a powerful tool to
study elemental changes at the micro-interface.

Horizontally assembled IPI samplers were designed to measure a sampling zone
across the rhizosphere at a sufficient resolution (mm level) (Fig. 1B). To achieve this,
thirteen IP1 samplers were horizontally assembled in a 3D printed holder (Fig. 1C).
The IPI sampler array, i.e., the Rhizon profiler, after being combined with a nylon
mesh bag (nominal pore size = 37 um, height x width = 10 mm x 8 cm), is able to
collect porewater in situ at a 0-22 mm distance from the root bag surface every 1.7
mm, and the rhizosphere soils can be destructively collected from a soil slot adjacent

to the porewater samplers (Fig. 1C). When deploying the Rhizon profiler and root bag
9
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into the soils incubated in the pot in this study, well-mixed wet soils (3000 g; 100%

moisture) were added into a black plastic bucket (inner diameter x height = 15-18 cm

x 21 cm) with a soil depth of approximately 15 cm, and 600 g of the total 3000 g was

enclosed in the root bag. The Rhizon profiler along with the root bag was buried at

approximately 8 cm depth below the soil-water interface followed by the addition of

ultrapure water to maintain a 3-5 cm overlying water depth during the experiment.

A Composition and work mechanism of an IPI sampler
= .,T,.'_' —
. - ~
IPIPC "’—' ~~~~~ Silicon cap]
1 ’,o‘ 2 “~~~ 3
_»*" Hollow fiber membrane tube“~{
The work mechanism is based on passivg diffusion ® .
° ° . ° Ions in solution
° ®: "s0: o °
© L fe: ® o
® H 4 FH ) P —
i —— Difthsei
[ ] e : B : [ ]
® fe;®:
e o : & W ° :
B

spatial resolution of 1.7 mm

Each IPI sampler has a

Sampling zone covered b

]

13 samplers

Figure 1 Porewater across the rice rhizosphere sampled by 13 In-situ Porewater

Iterative (IP1) samplers assembled in each Rhizon profiler. A) a typical IPl sampler;

B) conceptual diagram of using an IPI sampler array to sample porewaters across the

rice rhizosphere; C) real photo of the IPI array, i.e., Rhizon profiler combined with a

root bag.
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In situ multielement measurement across the rhizosphere

A pot experiment with three replicates was conducted with (treatment)/without
(control) rice growing into the root bag (Fig. S1). Two seedlings were transplanted
into each root bag of the treatment group upon the soil flooding. The pots were placed
in a glass greenhouse at randomly selected locations. The positions of the pots were
switched every other day during the experiment to minimize the potential influence of
the external environment. Porewater was sampled in situ across 0-22 mm from the
root bag by Rhizon profilers at days after paddy soil flooding (DAF) 0, 3, 8, 15, 24,
30 and 40 with or without rice growing in root bags. Multielement information in
each 100 uL porewater sample was determined by the high-throughput analytical
method developed by our group (Yuan et al. 2021). Total solute-phase Fe, Mn P, S,
As, Cd, Sh, Cr, Co and Zn preserved with HCI were measured by inductively coupled
plasma-mass spectrometry (ICP-MS, NexION 350X, PerkinElmer, Inc., Shelton, CT
USA) with data only analysis. The 57Fe*, 55Mn*, 47/PO*, 4SO, 91AsO+, 111Cd+, 121Sp*,
52Cr*, 59Co* and 66Zn* counts were recorded in a dynamic reaction cell (DRC, O, as
the reaction gas) or extended dynamic range (EDR) mode simultaneously. The limits
of detection (LOD) for Fe, Mn, P, S, As, Cd, Sb, Cr, Coand Zn were 210, 1.56, 7.76,
60.2, 0.490,0.127, 0.129, 0535, 0.124, 1.77 pg L1, respectively. The sample taken at
DAF 40, preserved with EDTA, was used to measure As [As(lIl), As(V), MMA,
DMA] and S [S(VI), S(-11)] species by coupling ion chromatography (IC, Dionex
ICS-1100, Thermo Scientific, USA) with ICP-MS using the NH,HCO3; mobile phase
(20 mM, pH = 10) (Suzuki et al. 2009; Yuan et al. 2021). A spiked standard was
tested after every 30 samples to assure data quality.

Plant and microbial analysis

11
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Multiple elements in plant tissues and the microbial community in the
rhizosphere were investigated at the jointing stage (DAF 40). The Rhizon profilers
and root bags were retrieved from the soils after porewater sampling at DAF 40. The
rice plants were removed from the root bags, and their roots were gently cleaned with
ultrapure water. The Fe plaque was not separated from rice roots, thus elements in Fe
plaque and roots were pooled as the elemental concentration in roots in this study.
The fresh plants were separated into roots, stems and leaves, followed by oven-drying
(60 °C) (Zhang et al. 1999) and freeze-drying (-85 °C) (Hansel et al. 2001) of
subsamples for the subsequent determination of total elements and As species,
respectively. Plant samples after oven-drying were weighed to measure the plant dry
matter, followed by grinding and sieving through a 1.0 mm sieve for chemical
analysis. A sample of 0.5 g was digested using a 1:1 mixture of concentrated HNO3
and H,0O, (Gustave etal. 2019). The digested samples were filtered through a 0.45 pum
cellulose filter and diluted with ultrapure water. The total Fe, Mn, P, S, As, Cd, Sb,
Cr, Co and Zn were measured by ICP-MS. Freeze-dried ground samples (0.2 g) were
extracted with a modified protein extraction solution (Quaghebeur et al. 2003). The
extracted samples were filtered through a 0.45 pum pore size filter and measured by
IC-ICP-MS. Spiked standards were tested to assure data quality.

Soils at 0-2 mm from the root bags (the soils were deposited within a slot on a
Rhizon profiler, Fig. 1C) were instantly sampled at the time of retrieving the root bag
from the soils to assess the effects of the rhizosphere on the microbial community.
The soil genomic DNA extraction and next-generation DNA sequencing are detailed
in the supplementary information. The 16S rRNA gene sequence data were deployed
in NCBI GenBank (SUB8907191). The alpha and beta diversity analyses were

performed in QIIME 1.8.0. Indices of Chao 1, Shannon, Simpson, and Good’s
12
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coverage were selected for the alpha diversity analysis. The beta diversity index and
principal coordinates analysis (PCoA) were applied to calculate the differences
between samples. The changes in the microbial community were further evaluated
using linear discriminant analysis (LDA) effect size (LEfSe) (Gustave et al. 2019;
Segata et al. 2011). In addition, high-throughput gPCR reactions were performed to
identify As metabolic genes using Wafergen SmartChip Real-time reactions (Chen et
al. 2016). Soil DNA was analyzed by high-throughput gPCR AsChip as reported by
Zhao et al. (2019). Nineteen As genes, including As(lll) oxidation
(aoxA/B/C/D/RIS/H, and arxA), As(V) reduction (arrA/B, and arsC/R), As
methylation and demethylation (arsM and arsl), and As transport (arsA/B/D/P, and
acr3), were quantified.
Statistical analysis

The element information was extracted from the raw data files acquired by ICP-
MS analysis using R software (version 3.5.0) (Yuan et al. 2019). In addition, R
software was also used to plot the graphs. Data from different treatments were
subjected to one-way analysis of variance (ANOVA) to determine statistical
significance (p < 0.05) using SPSS 22 software (IBM SPSS, Armonk, NY, USA). For
multielement comparisons and to indicate their differences in the root bag
surroundings and in the bulk soils, their concentrations in 0-1.7,1.7-3.4, 3.4-5.1, 5.1-
6.8, 6.8-8.5,8.5-10 mm and 10-22 mm distances were selected. Microbial variation in
the 0-2 mm distance from the root bag between the treatment and control was
compared to show the shift of the microbial community in the rhizosphere. The
potential bias of the element supply from porewater [soluble elements in bulk soil
(Elementyo22 mm) VS. in the narrow zone around roots (Elementy.; 7 mm)] to roots was

calculated with (Elementio22 mm - Elementy.; 7 mm)/Elementy.; 7 mm*100. Translocation
13
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coefficients of the element from the bulk soil to rhizosphere (Tys) [Elementig22 mm VS.
Elementy17 mm], rhizosphere to root (T.) [Elementys7 mm VS. the element
concentration in root (Element.)], root to stem (T.s) [Element, VvS. the element
concentration in stem (Elementsen)], stem to leaf (Ts;) [Elementgem vs. the element
concentration in leaf (Elementes)], and bulk soil to leaf (Toveran) (Elementip.2o mm Vs.
Elementies) were calculated with Elemento17; mm/Elementioo,  mm,
Elemento/Elementys7 mm, (Elementsem + Elementies)/(Elemento + Elementsen +
Elementes), Element;ed/(Elementsen + Elementie), and Elemente/Elementiooz mm,
respectively. Elemental concentrations in porewater and plant tissues were presented

in ug/mg L1 and mg/g kgL, respectively.

Results
Spatiotemporal changes of multiple solute elements across the rhizosphere

In this study, the temporal-spatial variation in solute-phase elements across the
rice rhizosphere was mapped at DAF 0, 3, 8, 15, 24, 30 and 40 with or without
growing rice in the root bags. We monitored Fe, Mn, P, As, S, Cd, Sb, Cr, Co and Zn
in situ across 0-22 mm from the root surface with a spatial resolution of 1.7 mm.
Considerable temporal-spatial variation in the elements was observed across the
rhizosphere (Fig. 2).

The solute-phase concentrations of the elements in bulk soil porewater varied
with the flooding period and could be clustered into 3 groups, as shown in the control
without growing rice in the root bags (Fig. S2). Group 1 includes Fe, Mn, P, As, S,
and Co. In group 1, solute-phase Fe increased from 2.59 mg-L-1 at DAF 0 to a peak of
42.3 mg-L* at DAF 30 and then decreased to 15.9 mg-L-1 at DAF 40 (Fig. S2A). All

the elements in group 1 shared a similar temporal pattern with Fe. Group 2 includes 2
14
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elements (Cr and Zn), which also increased initially and dropped like group 1, but an
increase of solute-phase Cr and Zn quickly started from DAF 3, and the high values
were maintained for approximately one month before declining. Cd and Sb are the
group 3. The elements in group 3 decreased rapidly after flooding (Fig. S2G&F).
Solute-phase Sb decreased dramatically from 74.6 pg-L at DAF 0 to an average of
304 ng-L1 after DAF 3 (Fig. S2G). More significantly, solute-phase Cd decreased
approximately 10-fold after DAF 3 (1.45 pg-L1) compared to that in DAF 0 (10.4
ug-L1, Fig. S2G). The correlation analysis vividly demonstrates the covarying
changes of the elements. Fig. 1K&S2K illustrate that the changes in Fe, Mn, P, As, S,
Cr, Co and Zn were not covaried with Cd and Sb, especially for Cd (r = -0.42),
showing that the behaviors of the elements in group 3 were distinct from those in
groups 1 and 2 (Fig. S2).

Rice roots have strong effects on the spatiotemporal changes in elements in the
rhizosphere (Fig. 2). In the absence of rice roots, there was no apparent spatial pattem
of those elements (Fig. S2). Solute-phase Fe, Mn, P, As, Co and Sb were immobilized
in the presence of rice roots beginning at DAF 15 (Fig. 2A-D&l). During root
development, the immobilization zone extended from 0-2 to 0-10 mm from the root
bag surface, except for Sb. The immobilization of Sb only occurred <2 mm from the
root bag surface. In contrast, solute-phase Cd and Zn were substantially promoted in
the rhizosphere from DAF 8 (Fig. 2F&J). Additionally, the mobilization zone of Zn
was much larger than that of Cd. The high Zn zone extended to 10 mm from the root
bag surface, and the mobilization zone of Cd was restricted to <2 mm. The roots had

weak and insignificant effects on Sand Cr (Fig. 2E&H).
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Figure 2 Profiles of multiple elements across the rhizosphere at days after paddy soil
flooding (DAF) 0-40 with rice growing in root bags. A-J: Heatmaps of Fe (mg-L-,
A), Mn (mg-L1, B), P (ug'LL, C), As (ug'L?, D), S (mg-L1, E), Cd (ng'L?, F), Sb
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matrix of elements in the rhizosphere (0-10 mm, n =147).
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Speciation of Asand S across the rhizosphere and the driving factors

To interpret the potential biogeochemical mechanisms involved in regulating As
and S redox in the rice rhizosphere, their speciation across the rhizosphere and
associated driving factors were investigated. Among the common As and S species,
only 2 As (As(V) and As(ll1)) and one S species (S(VI)) were detected in the soil

porewater, while methyl As and S(-11) were not detected.
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Figure 3 Spatial changes in As and S species across the rhizosphere (0-15 mm) at

DAF 40. Arsenic and S species include arsenite [As(l11)] and arsenate [As(V)] and

sulfide [S(-11)] and sulfate [S(VI)], respectively. S(-11) was not detected. The error

bars are standard deviations (SD, n =3).
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In the absence of rice roots, no apparent spatial pattem was observed for the As
concentration and species across the rhizosphere. The sum of As(lll) and As(V)
remained at approximately 33.0 ug-L?1 in the soil porewaters, with an As(ll)
proportion of 67.6% (Fig. 3). In contrast, in the presence of rice roots, an obvious
spatial pattern was detected for As across the rhizosphere. The sum of As(lll) and
As(V) decreased linearly from 40.5 pg-L1 at >10 mm from the root bag surface to as
low as 593 pg-L1 at 0-2 mm around the root bag (Fig. 3). Moreover, the As(l1I)
proportion increased from 65.6% to 89.2% with a decreasing distance from the root
bag surface. Fig. 3 clearly illustrates that the rhizosphere retained a relatively high
As(111) concentration, while As(V) was almost depleted within 0-4 mm around the
root bag. However, the presence or absence of rice roots had an insignificant effect on
the S concentration and speciation across the rhizosphere. The S(VI) remained at
approximately 180 mg-L in the soil porewaters (Fig. 3).

Analysis of the 16S rRNA gene at 0-2 mm from the root bag yielded a high value
of Good’s coverage (> 0.96, Table S2), indicating that the sequencing was deep
enough to cover the bacterial communities. Alpha analysis obtained similar Chao 1
(10253) and Shannon (6.73) values for all treatments. However, principal coordinates
analysis of PCoAl vs. PCoA2 (explaining 72.0%) showed that the bacterial
communities were different between the two treatments (Fig. 4A). This indicates that
growing rice could significantly alter the bacterial community in the rhizosphere.
Furthermore, LEfSe analysis identified that some bacterial groups, such as
Bacteroidetes, Proteobacteria, Acidobacteria, and Thiobacillus, were enriched around
the roots (Fig. S3).

To further reveal the potential involvement of biotic regulation of As in the

rhizosphere, 19 As genes were investigated by AsChip analysis. In the absence of rice
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roots, aoxB and arsC were the most abundant As genes in the soils (Fig. 4B), while
aoxD and arsD were undetectable. Our results suggested that growing rice
significantly increased the abundance of almost all As(l11)-oxidizing genes (including
aoxA/B/C/R/S/H). This result indicates that biotic As oxidation could be substantially
promoted by oxygenation of the rhizosphere via ROL. For As reduction, methylation,

and transport, some of their genes were promoted in the rhizosphere, including
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Figure 4 Principal coordinates analysis (PCoA) of the microbial community (A) and
the abundances of 19 As genes (B) around root bags at DAF 40. Abbreviations used:
HAO, heterotrophic As(Ill) oxidizers; ARM, As-resistant microorganisms; CAO,
As(111) DARP,

prokaryotes. The star represents significance (p <0.05).

chemoautotrophic oxidizers; dissimilatory  As(V)-reducing

Discussions
The element behaviors in the plant rhizosphere have received much attention due to

their importance in plant nutrition. However, tracking their dynamic distributions in
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the rhizosphere is still challenging. A broad view of the spatiotemporal changes in
elements in the rice rhizosphere is made possible by using Rhizon profilers.

The covariance of elements such as Fe, Mn, As, P, Co and S (Fig. 2) in time and
space in the rhizosphere was mainly attributed to the adsorption sites provided by Fe
oxides for the noted elements in the rhizosphere (Han et al. 2020; Ilhardt et al. 2019).
Fe oxides serve as electron acceptors for dissimilatory Fe-reducing bacteria and are
reduced under hypoxic conditions when soils are flooded (Zhang et al. 2012).
Meanwhile, the solute-phase elements adsorbed on Fe oxides are re-immobilized by
secondary Fe minerals (siderite, troilite, pyrite, and vivianite) after being released
under continuous flooding (Borch et al. 2010; Burton et al. 2008; Muehe et al. 2019;
Shaheen et al. 2013). Moreover, ROL-induced Fe plaques greatly enhanced the re-
immobilization of solute-phase elements in the rice rhizosphere (Maisch et al. 2019).
Consequently, the spatiotemporal fluctuation of aqueous Fe, Mn, P, As, S, and Co
observed in this study (Fig. 2) could be well explained by the noted interplay between
the mobilization and re-immobilization processes. However, such detailed monitoring
of multiple elements in the same rhizosphere has not yet been investigated. Previous
studies generally reported only one-dimensional spatial or temporal changes in
elements (Fulda et al. 2013; Jia et al. 2014; Jia et al. 2013; Muehe et al. 2019;
Williams et al. 2014; Yin et al. 2020). In addition, two-dimensional changes in
elements, such as with a limited spatial resolution (cm-scale with the Rhizon sampler)
and/or measurement range (few parameters with planar optode), have also been
previously documented (Bravin et al. 2008; Maisch et al. 2019). However, they failed
to reveal the detailed spatiotemporal dynamics of multiple elements in the

rhizosphere. The present study achieved this goal by providing an advanced solution

20



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

by integrating/utilizing as many associated parameters as possible to deeply
investigate element cycling in the rhizosphere.

The collection of fine-scale As species profiles in this study revealed that both
As(I11) and As(V) were fixed in the rice rhizosphere (Fig. 3). The depletion (~ 1.3
ug-L1) of As(V) at 0-4 mm from the root bag surface was attributed to its stronger
affinity to Fe oxides than As(l11). The depletion of As(V) in this study was attributed
to its direct adsorption on Fe plaques (Chen et al. 2005) and the transformation of
As(I11) to less mobile As(V)followed by its fixation on Fe plaques (Tong et al. 2019).
The latter process could be stimulated by both abiotic and biotic As(l11) oxidation
mediated by ROL and microbes, respectively (Awasthi et al. 2017; Tong et al. 2019).
The biotic pathway was supported by the significant promotion of all As oxidizing
genes in the rhizosphere (Fig. 4). Despite the presence of methylation genes (arsMm),
no methyl Aswas detected in the rhizosphere (Fig. 4) or in the plant tissues (Fig. S6).
The similar phenomenon was also observed by many studies using As contaminated
paddy soils with diverse geographical sources (Xu et al. 2017; Zhao et al. 2013).
Previous studies reported that considerable methyl As (mainly DMA) accumulated in
rice grains originated from the soil (Lomax et al. 2012; Slejkovec et al. 2020), since
rice plants cannot perform As methylation in vivo. A recent study reported that
inorganic As was first methylated by S(VI)-reducing bacteria followed by rapid
demethylation of methyl As produced by methanogenic archaea under highly
reducing conditions during flooding (Chen et al. 2019a). However, the conversion of
S(VI) to S(-11) was not observed (Fig. 3), indicating that S(V1)-reducing bacteria were
not activated in this study. Consequently, the absence of methyl As might be
attributed to the lack of S(VI)-reducing bacteria or other anaerobic microbes

processing arsM genes.
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Conversely, aqueous Cd and Sb tended to be immobilized during flooding, and
Cd was further remobilized around the root bag (Fig. 2). The rapid decline in Cd and
Sb after flooding was attributed to the formation of CdS and Sbh,S; (Arsic et al. 2018;
Fulda et al. 2013). However, this may not be the case in this study, as significant S(-
I1) was not detected in the porewater (Fig. 3). We can conclude that the reduction of
S(VI1) to S(-1) was not activated during the 40-day incubation, and our results are
consistent with a previous report indicating that this phenomenon continued until 49
days after flooding (Burton et al. 2008). The occurrence of this phenomenon is most
likely because S(VI) reduction is much less energy favorable than Fe oxide reduction
(Borch et al. 2010). Changes in soil pH were reported to be the major factor
governing Cd mobility (Wang et al. 2019). Elevated soil pH induced by Fe oxide
reduction could inhibit Cd mobilization under flooding. However, the immobilization
of Sb is credited to secondary Fe minerals formed under S(-Il)-free reducing
conditions (Burton et al. 2019). In contrast, the acidification of the rice rhizosphere,
potentially caused by protons generated during Fe?* oxidation and plant exudates
(Maisch et al. 2019), could significantly enhance Cd mobilization, which could also
be further enhanced by chelating complexes (small organic acids) released by roots
(rhizodeposits) (Li et al. 2013). Rhizodeposits could also explain the Zn mobilization
observed in this study (Fig. 2). Conversely, As was mostly controlled by the
oxidation-mediated development of Fe plaques and was little affected by rhizosphere
acidification or rhizodeposits (Bravin et al. 2008).

Fe plaques have a high affinity for multiple solutes and are believed to be an
important barrier for element uptake and translocation from porewater to plants (Gao
et al. 2006; Violante and Pigna 2002; Xu et al. 2017). Therefore, elements in

porewater around roots should be used to estimate their supply potential for plants.
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However, considerable bias could be introduced if the elemental concentration in bulk
soil porewater was utilized to estimate the supply potential. Fe, Mn, P, As, Sb and Co
could be overestimated with a bias up to 17.5% - 196%, while Cd and Zn could be
underestimated with a bias as high as -54.1% and -27.0%, respectively (Table 1).
Considering the significant variation in the elemental translocation coefficient from
the bulk soil to the rhizosphere (Tpsy, 0.342-2.38), a well-resolved rhizosphere is
essential to predict elemental translocation from rhizosphere to root (T, 6.78-43726),
root to stem (T,s, 0.00975-1.65), stem to leaf (Tsy, 0.241-1.29), and porewater to leaf
(Toverann, 1.93-5875). However, the well-resolved rhizospheric effect was not taken into
account in most previous studies on plant nutrition due to a lack of appropriate
techniques (Kuzyakov and Razavi 2019; Muehe et al. 2019; Shaheen et al. 2014; Wan
et al. 2019). DGT probes and laser-induced breakdown spectroscopy were applied to
investigate the well-resolved elements in the rhizosphere (llhardt et al. 2019; Williams
et al. 2014; Yin et al. 2020); however, they can only provide a snapshot at a certain
time point. Snapshot information might be limited in predicting element translocation
and accumulation in plants owing to fluctuations in the soil/rhizosphere environment
during flooding/root elongation (Chen et al. 2019a; Muehe et al. 2019). Rhizon
profilers that are able to provide well-resolved temporal data across the rhizosphere
during plant growth could be employed to fully address the aforementioned limitation.
The potential limitations of Rhizon profilers may include: i) the sampler could shield
the retained soil used for 16S rRNA and gPCR sequencing from rhizospheric effects,
due to the soil has a small cross-section (length x width =2.5 cm x 0.25cm) toward
the root bag; ii) the sampler cannot always mark the root edge, especially at the early

growth stage when rice roots are not well developed.
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Table 1. Translocation of multiple elements from bulk soil porewater to rice leaves

Bulk soil

Translocation coefficient}

ElementST po rewater Leaf Thos-r Trr Trs Ts Toverall
Sb 36.7£2.27  70.8+14.4 0.700+0.059 57.9+£19.5 0.077+0.001 0.615+0.122  1.93%0.129
As 112+11.6 358+67.8 0.342+0.016 13541645 0.010+0.001 0.705+0.133  3.19%0.019
Fe 37.4+£3.77 167+33.3 0.369+0.012 11504636 0.016+0.002 0.679+0.135  4.45%0.179
Co 48.1+1.24 249+63.3 0.852+0.002 125+48.4 0.042+0.006 1.17+0.298 5.18+1.14
S 324+10.2 1692+203 0.914+0.026 6.78+2.49 0.653+0.080 1.29+0.154 5.22+0.534
Mn 7.79+0.303  266+£19.3 0.789+0.013 33.7+£11.1 1.55+0.117 0.829+0.060 34.2+1.31
Zn 2.45+0.272  111+4.39  1.37%+0.213 301+131 0.154+0.032 0.707+0.119 45.2+1.62
Cr 7.57+0.326  646+90.3 1.01+0.013  4816+3278 0.017+0.002 1.02+0.142 85.3+69.0
Cd 0.538+0.104 2297+161 2.38+0.947 43726+13345 0.171+0.017 0.241+0.017 4268+755
P 0.204+0.205 1197+117 0.440+0.051 11296+3640 1.65+0.155 0.716+0.070 5875+310

+ The units for Fe, Mn, P and S: mg-L1 (porewater) and mg-kg! (plant tissues); the units of Sb, As, Co, Zn, Cr and Cd: pg-L?
(porewater) and pug-kg? (plant tissues).

1 Translocation coefficient describes element migration from soil porewater to fresh plant tissues. Tpsr, Trr, Trs, Tsq and Toyeran are

translocation coefficients of the element from bulk soil to rhizosphere, rhizosphere to root, root to stem, stem to leaf, and bulk soil to
leaf, respectively.
Data are mean£SD (n = 3).
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Conclusions
We found that elements in rice plants are taken up from soil porewater in the rhizosphere,
which is temporally and spatially determined by multiple biogeochemical processes in
soils as well as exudates from plant roots. This is a first attempt to demonstrate two -
dimensional (time and space) co-distributions of multiple elements and their species
across the paddy rhizosphere with an updated porewater sampler. In addition, the broad
view of elemental behaviors from bulk porewater to rhizosphere and then to plant tissues
was also illustrated for the first time by combining the collected microbial data with
element translocation and accumulation in plants.

However, the reflection of the complex rhizosphere process is still in its infancy. A
combination of isotopic labeling, in situ high-resolution porewater sampling, non-
destructive visualization and deep sequencing techniques could provide a powerful tool to

uncover the critical but overlooked rhizosphere processes in future studies.
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