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Arsenic (As) bioavailability in the rice rhizosphere is influenced by many microbial
interactions, particularly by metal-transforming functional groups at the root-soil
interface. This study was conducted to examine As-transforming microbes and
As-speciation in the rice rhizosphere compartments, in response to two different
water management practices (continuous and intermittently flooded), established on
fields with high to low soil-As concentration. Microbial functional gene composition
in the rhizosphere and root-plaque compartments were characterized using the
GeoChip 4.0 microarray. Arsenic speciation and concentrations were analyzed in
the rhizosphere soil, root-plaque, pore water, and grain samples. Results confirmed
several As-biotransformation processes in the rice rhizosphere compartments, and
distinct assemblage of As-reducing and methylating bacteria was observed between
the root-plaque and rhizosphere. Results confirmed higher potential for microbial
As-reduction and As-methylation in continuously flooded, long term As-contaminated
fields, which accumulated highest concentrations of AsIII and methyl-As concentrations
in pore water and rice grains. Water management treatment significantly altered As-
speciation in the rhizosphere, and intermittent flooding reduced methyl-As and AsIII

concentrations in the pore water, root-plaque and rice grain. Ordination and taxonomic
analysis of detected gene-probes indicated that root-plaque and rhizosphere assembled
significantly different microbial functional groups demonstrating niche separation.
Taxonomic non-redundancy was evident, suggesting that As-reduction, -oxidation and
-methylation processes were performed by different microbial functional groups. It
was also evident that As transformation was coupled to different biogeochemical
cycling processes (nutrient assimilation, carbon metabolism etc.) in the compartments
and between treatments, revealing functional non-redundancy of rice-rhizosphere
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microbiome in response to local biogeochemical conditions and As contamination. This
study provided novel insights on As-biotransformation processes and their implications
on As-chemistry at the root-soil interface and their responses to water management,
which could be applied for mitigating As-bioavailability and accumulation in rice grains.

Keywords: arsenic methylating bacteria, arsenate reducing bacteria, arsenic speciation, taxonomic
classification, functional redundancy

INTRODUCTION

Microbial interactions in the rhizosphere are major drivers of
biogeochemical cycling processes and can significantly impact the
biogeochemistry of metals including the bioavailability of toxic
metalloids such as arsenic (As), which is linked to human cancer
when exposed to high concentrations (Jomova et al., 2011).
Microbial interactions that can affect the As biogeochemistry in
the rice rhizosphere are particularly important as many reports
implicate As-contaminated rice grain consumption as a major
As-exposure route for millions of people (Mondal and Polya,
2008; Ohno et al., 2009). One major source of As to rice fields
in Southeast Asia is the natural weathering of geological minerals
containing As and subsequent transport to aquifers and surface
water sources used for irrigation of rice paddies (Seddique et al.,
2008; Winkel et al., 2011). Many anthropogenic sources are also
responsible and one such example is the historical application
of As pesticides to the cotton fields in Southern United States,
some of which are currently used for rice production (Bednar
et al., 2002; Williams et al., 2007). Rice crop is mostly cultivated
under continuously flooded field conditions (more than 75% of
the total acreage) (Roger et al., 1993). Continuous submergence
can result in higher As uptake by rice plants in fields with
moderate to high soil As-concentrations (Xu et al., 2008;
Pillai et al., 2010), as prolonged anaerobic conditions can
increase As solubility (Masscheleyn et al., 1991). Alternatively,
growing rice using intermittent flooding proved to be an
effective strategy to mitigate As-uptake by rice (Somenahally
et al., 2011b; Linquist et al., 2015; Wang et al., 2019). It
was noted that concentration of highly bioavailable arenite
(AsIII) and dimethylarsinic acid (DMAsV) forms decreased under
intermittently flooded conditions, but at variable range between
the As contaminated and control sites (Somenahally et al., 2011b),
which was alluded to changes in microbial mediated responses in
the rhizosphere (Wang et al., 2019).

Microbial transformations can increase As-solubility, as many
soil microbes can transform As chemistry for resistance and
detoxification purposes (Oremland and Stolz, 2003). Arsenic
bioavailability is particularly impacted by microbial interactions
linked to As speciation, as some As species such as arsenite
(AsIII) and dimethylarsinic acid (DMAsV) are less strongly
adsorbed by soil minerals and are more bio-available compared
to arsenate (AsV) (Jia et al., 2014). Several reports implicated
microbial interactions in the rice rhizosphere as major drivers
of As-transformation (Jia et al., 2014; Zhang et al., 2015)
and bioavailability of As to plants (Kumarathilaka et al.,
2018). For example, arsenate (AsV) reduction (arsC gene) by
AsV-reducing bacteria (ARB) and membrane bound arsenite

(AsIII) efflux carriers (arsAB genes) can increase As availability
to rice plant (Hu et al., 2015). Similarly, As methylation (arsM
gene) by As-methylating bacteria (AMB) are mostly responsible
for increasing methyl-As (mAs) concentrations in rice grains
(Lomax et al., 2012). Additionally, As solubility is also coupled
to other metal biotransformation processes, particularly iron
(Fe) (Lafferty and Loeppert, 2005) and sulfate (SO4) reduction
(Battaglia-Brunet et al., 2012), and sulfide-oxidation (Hoeft
et al., 2004). Iron-reducing bacteria (IRB) can potentially release
As complexed with Fe-oxides through reductive dissolution
(Neubauer et al., 2007; Dai et al., 2020) and increase As
bioavailability in the rice rhizosphere (Liu et al., 2018). Whereas
SRBs could promote As-precipitation (Serrano and Leiva, 2017)
and reduce bioavailability (Jia et al., 2015).

Alternative water management practices to grow rice instead
of continuous flooding, were shown to significantly alter soil
microbial community in the rice rhizosphere (Somenahally
et al., 2011a; Wang et al., 2019). Particularly the rhizosphere
functional groups responded differently to water management
(Das et al., 2016), and many anaerobic functional groups
such as IRBs and ARBs were diminished under intermittent
flooding compared to continuously flooded fields (Zecchin
et al., 2017b). Similarly, SRB abundance in the rice rhizosphere
was altered by water management practices, with potential
implications for As-chemistry and bioavailability (Jia et al., 2015).
Another study noted that anaerobic and aerobic As-methylators
responded differently to water management and altered methyl-
As production in the rhizosphere (Wang et al., 2019), and
increased mAs production under continuous flooding (Li et al.,
2009; Moreno-Jiménez et al., 2014). However, it is not clear
if intermittent flooding can significantly diminish these key
functional groups in the long-term As contaminated fields,
which may have assembled microbiome enriched by As-resistant
microbes (Hu et al., 2019). It was clear that long-term As
contamination can significantly alter rice rhizosphere microbial
community (Somenahally et al., 2011a) and promote As-resistant
functional groups (Hu et al., 2019). One study noted that As
contamination significantly altered microbial community (Xiong
et al., 2012), and As resistant microbes such as ARBs may increase
in contaminated soils (Das et al., 2019). Exposure to higher As
concentrations may also increase functional groups interlinked
to As-resistance, similar to the As-S transformation processes
interlinked in SRBs (Serrano and Leiva, 2017). Particularly,
functional groups inter-linked to As-reduction and methylation
are not well characterized in rice fields with a history of
As-pesticide contamination, which tend to accumulate higher
ratio of mAs:AsIII in the rice grains (Pillai et al., 2010;
Somenahally et al., 2011b).
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Microbial functional groups in root-plaque compartment,
which can accumulate significantly higher concentration of
As, are not clearly understood. Root-plaque refers to Fe-oxides
accumulation on root surface because of oxidation of FeII

to FeIII and precipitation of dissolved FeII diffusing on the
roots (Taylor et al., 1984). Major mineral comprising these
root-plaques is crystalline ferrihydrate (Bacha and Hossner,
1977; Hossain et al., 2009), that can effectively complex with AsV

and subsequently accumulate higher concentrations (Liu et al.,
2004). Microbial interactions at root-plaque, including As- and
Fe-reducing bacteria could potentially disrupt these Fe-As phases
and release complexed-As (Chen et al., 2005; Hu et al., 2015).
Water management is anticipated to impact their assemblage in
root-plaque as redox gradient and biogeochemical conditions
are major drivers of microbial assembly in a wetland plant
rhizosphere (Neubauer et al., 2007; Dai et al., 2020). However,
none of the studies looked at niche separation of microbial
assembly, particularly the As-transforming functional genes in
the rice rhizosphere and root-plaque compartments in long-
term As-contaminated fields. Aim of this study was to outline
key microbial functional group responses in the rhizosphere
compartments along with As-speciation changes and uptake by
the rice plant in response to water management and long-
term As contamination. We hypothesized that rhizosphere
compartments assemble distinct As-transforming functional
groups and respond differently to water management practices
impacting As-speciation in the rhizosphere. Particularly,
ARBs and AMBs were anticipated to significantly increase
in continuously flooded As-contaminated treatments and
subsequently contribute to increased mAs accumulation in
the rice grain. A field experiment was conducted to compare
continuous and intermittent flooding practices imposed on
fields with high to low soil-As concentrations. Major objective
was to determine As-, Fe- and S-transforming functional
groups within the rhizosphere compartments. Additionally,
As-speciation and quantitation were performed to understand
As bioavailability under the treatment effects and link with the
functional gene responses.

MATERIALS AND METHODS

Field Experimental Details
This field experiment was conducted at the US Department of
Agriculture Dale Bumpers National Rice Research Center near
Stuttgart, AR (34.471.217, -91.422.350). The experimental plots
were arranged in a split-split plot design of three replicates, with
soil-As amendment as the main plot, and water management
(flooding) as the sub-plot. Soil-As amendment included two
treatments, As amended and unamended control. The As-
amended plots received an As-based pesticide commonly known
as monosodium methane-arsonate (MSMA) in alternate years for
more than past 25 years (Yan et al., 2005). These applications
were practiced for simulating historical As-pesticide applications
in cotton fields in the region and screen rice varieties resistant
to higher soil-As. Each application of MSMA was in solution,
applied to the soil surface before planting, at the rate of

6.7 kg/ha (equivalent to 3.1 kg ha−1 of As). These fields will
be referred to as “As-amended.” An adjacent area, referred to
as “control,” had not been exposed to any As-containing products
for at least the last 30 years. The irrigation water practices
included intermittent and continuous flooding on both the
MSMA and control plots. Under intermittent flooding, the plots
were flooded and allowed to dry until surface cracks appeared,
before re-flooding. For the continuously flooded treatment, water
was consistently maintained at least 10 cm in depth during the
entire rice growing season until a week before harvesting. The
experimental treatments used in this study were (i) continuously
flooded-As amended (CFA), (ii) continuously flooded-control
(As unamended) (CFC), and (iii) intermittently flooded-control
(no MSMA) (IFC). The soil type in the experimental plots
was a fine, montmorillonite, thermic Typic Albaqualf with soil
texture of silt loam to loam. Additional details on soil properties
are presented in Supplementary Table 1. More details on
management practices used for rice cultivation at these sites can
be found in Yan et al. (2005).

Sampling Protocols for Rhizosphere
Compartments, Pore Water, and Rice
Grains
Approximately 3 months after the first flood, at about 6-leaf
stage (120 days after planting), the rhizosphere and the root-
plaque samples were collected from each treatment plot. At
the sampling time, the CF plots had been continuously flooded
for approximately 12 weeks with standing water, while the IF
plots had been going through wet-dry cycles. Four to five rice
plants per plot were collected, along with the adhering bulk
soil. The plants were shaken to remove loose soil, and the
remaining few millimeters of rhizosphere soil left around the
roots was collected manually into sample tubes and transferred
to ice immediately. The roots were then thoroughly washed
with sterile deionized water to remove any remaining soil. Roots
with Fe-oxide plaque affixed were collected as the root-plaque
samples. The samples were split into subsamples for subsequent
chemical and microbial DNA extractions. Samples for chemical
analysis were transported on ice and immediately processed for
As analysis. Rhizosphere and root-plaque samples for microbial
DNA extractions were frozen over dry ice in the field and
were subsequently stored at −80◦C. Rhizosphere soil samples
were air dried, ground to < 2 mm size and stored at room
temperature for chemical analysis. The root-plaque subsamples
for chemical analysis were immediately extracted for As forms,
total As and Fe, and the extracted solutions were stored at 4◦C
until further analysis.

For pore water collection, we used soil core samples from
the rooting zone, collected at the same time, using an 8.5-cm
diameter cover with plastic liners for sample preservation.
The plastic liners with the soil samples were capped with
polypropylene end caps, and the samples were stored on
ice during transport to the laboratory. The core samples were
then vacuum filtered through 0.2µm pore size mixed cellulose-
ester filters at a negative pressure of 138 kPa for 20 min to
extract pore-water and then acidified to pH 3 with HNO3
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and stored for subsequent As-analysis. Rice grain samples were
collected at the time of harvest. Redox potential in the root
zone and bulk soil was measured at three time points during
the growing season, and at the sampling time using a platinum
electrode using methods similar to described by Somenahally
et al. (2011a). Additional details on sampling methods can be
found in Supplementary Information.

Arsenic Speciation and Analysis
The As forms (As-species) in the rhizosphere soil and the
root- plaque samples were determined following a sequential
extraction with 0.4 M H3PO4 and 0.4 M NaOH. As-forms
detected in different samples included arsenate (AsV), arsenite
(AsIII), monomethylarsonic acid (MMAsV), and dimethylarsinic
acid (DMAsV). We combined both forms for organic-As
(MMAsV and DMAsV) to present as total methyl-As (mAs)
concentrations. Methods followed for As forms and the total-
As extraction procedure from rhizosphere soil, root-plaque, pore
water and grain samples and As:Fe molar ratios estimation
in root-plaque samples were similar to methods described by
Somenahally et al. (2011b). Concentrations of the As-forms (AsV,
AsVII, and m-As) were determined using a high performance
liquid chromatography (HPLC) system (Perkin-Elmer, Waltham,
MA) attached inline to a ELANDRCII inductively coupled-
plasma mass-spectrometer (ICP-MS) (Perkin-Elmer). Additional
details are provided in Supplementary Information.

GeoChip Microarray Hybridization and
Data Analysis
The microbial community DNA was extracted from the frozen
rhizosphere and the root-plaque samples using MO BIO Power
Max DNA extraction kits (Qiagen Inc.). We used a modified
version of the manufacturer’s protocol, which included a
lysozyme pre-incubation step, in order to enhance gram-positive
bacterial DNA yield (Somenahally et al., 2011a). Approximately
10 g of rhizosphere soil or 5 g root samples (with plaque)
were treated with lysozyme solution (10 mg per sample final
concentration) and incubated in a water bath for 1 h at 37.5◦C
with occasional shaking, after which the manufacturer’s protocol
was resumed from the bead-beating step. The resulting DNA
samples were concentrated by ethanol precipitation, purified
using Illustra MicroSpinTM S-400 columns (GE Healthcare
Biosciences, Pittsburgh, PA, United States), and stored at−20◦C.

Rhizosphere and root-plaque DNA samples were submitted to
Institute for Environmental Genomics at Oklahoma University,
Norman, OK for GeoChip analysis. Three biological replicate
DNA samples from treatments CFA, CFC, and IFC were analyzed
with GeoChip 4.0, which had approximately around 110,000
probes. Further details on hybridization parameters can be found
in Tu et al. (2014). Microarray hybridization array data was
processed and normalized by following the data analysis pipeline
detailed in Tu et al. (2014). We further processed the data by
replacing all the biological replicates values by a zero value
if any of the three replicates had no signal intensity. Further
normalization of the data was performed by transforming
absolute detection to relative abundance by estimating ratio

of each probe to all genes detected by GeoChip for that
specific sample. Relative signal intensity ratios were used for
all comparative analysis and multivariate statistical analysis. We
used specific gene probes for quantifying relative abundance and
taxonomic assessment of As, S and Fe transforming functional
groups. For As-transforming functional groups, gene probes
detected by Geochip included aoxB, arsA, arsB, arsC, and arsM.
We combined arsA, arsB, and arsC gene probes for arsenate-
reducing bacteria (ARB). For sulfate reducing bacteria (SRB),
gene probes included aprA, APS_aprA, APS_aprB, dsrA, and
dsrB. For sulfur oxidizing bacteria (SOB) we used sox gene
probes. For potential iron reducing bacteria (pIRB) we used
cytochrome gene probes from known IRBs. Other gene probes
used in this study for estimating gene categories represented
within ARBs and SRB are listed in Supplementary Table 2. The
datasets presented in this study can be found in NCBI repository
under the accession GSE179671.

Statistical Analysis
Principal component analysis (PCA) was performed using the
PAST software (Hammer et al., 2001). The PCA routine in PAST
finds the eigenvalues and eigenvectors of the variance-covariance
matrix or the correlation matrix. We used the variance-
covariance matrix for the gene-probe relative abundance data.
The Biplot option was used for projecting the predominant
species (gene-probes) constraining the principal components.
A one-way non-parametric multivariate analysis of variance
(PERMANOVA) was used to test the significant differences
between the experimental treatments for relative abundance of
functional groups, based on Bray-Curtis similarity index.
The canonical correspondence analysis (CCA) for the relative
abundance of arsenate-reducing bacteria (ARBs) and sulfate
reducing bacteria (SRBs) were compared with their functional
associations (other gene probes detected in these organisms). The
gene categories and their relative abundance were estimated for
each treatment sample, which was then used as variables (priori)
within CCA and were plotted as biplots. Hierarchical clustering
analysis and heat maps were created for the relative signal
intensities for gene probes in GeoChip using Gplots package
within R software. The individual probe data were then grouped
by taxonomic phyla for graphing.

RESULTS

Arsenic Concentrations in the
Rhizosphere Compartments and Rice
Grain
One set of rice field sites (CFA treatment) used for this study
received As-pesticide (MSMA) application to soil for more than
25 years. As a result, total-As concentrations in the rhizosphere
soil were significantly higher in CFA (continuously flooded that
received MSMA) compared to control field sites (CFC and
IFC), which did not receive any MSMA application for the last
25 years (Table 1). Average rhizosphere soil-As concentration
was significantly higher (p < 0.05), at around 20 mg kg−1 in
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TABLE 1 | Total As-concentrations and redox potential in the rhizosphere and root-plaque samples under the experimental treatments.

Treatments Rhizosphere Root-plaque6= Redox potential (mv)

Total As (mg kg−1) Total As (mg kg−1) As:Fe (%) Rhizosphere Bulk soil

CFA£ aU20.1 (± 1.4) a301 (± 38) a0.37 (± 0.08) b + 11 (± 4) b
−56 (± 4)

CFC b6.7 (± 0.32) b154 (± 14) a0.28 (± 0.03) c
−13 (± 3) c

−77 (± 5)

IFC b5.5 (± 0.41) c73 (± 11) b0.20 (± 0.03) a + 39 (± 6) a + 23 (± 2)

6=Root-plaque As and Fe concentrations are based on root dry mass.
£Treatments: CFA = continuously flooded on arsenic (MSMA) amended plots, CFC = continuously flooded on no-As amended control plots and IFC = intermittent flooding
and on no-As amended control plots.
ULetters in superscript indicate LSD mean difference comparisons for the particular As-species between the three different experimental treatments. Different letters
indicate significant mean difference at p < 0.05. This analysis was performed only when As-species was detected in all experimental samples.
Values in parenthesis are standard error of mean.

CFA plots, compared to around 6 mg kg−1 in control plots
(CFC and IFC). The root-plaque compartment accumulated
almost 10 times higher-As concentrations (p < 0.05) compared
to the adjacent rhizosphere soil and highest concentrations were
detected in CFA plots (301 mg kg−1) compared to the control
plots (CFC and IFC). Water management significantly (p < 0.05)
altered the redox potential in the rhizosphere, as intermittent
flooding (IF fields) created a more aerobic environment and
recorded substantially higher redox potential compared to CF
field sites (Table 1). As a result, higher As:Fe ratios were detected
in CFA compared to other treatments (Table 1).

In the rhizosphere soil, AsV was detected at highest
concentrations (10.3 mg kg−1) and were significantly (p < 0.05)
higher in CFA treatment compared to other two treatments
(Table 2). Minimal concentrations of AsIII and mAs were
detected only in CFA plots. Root-plaque compared to the
rhizosphere, accumulated substantially higher As-concentrations
(Table 2). Considerable amount of total-As accumulation in
the root-plaque was detected in the form of AsV (around
80%). Concentrations were significantly (p < 0.05) higher in
the CFA treatment (228.4 mg/g), followed by CFC treatment
(118.8 mg kg−1), which were significantly (p < 0.05) higher
than IFC treatment (56.6 mg kg−1). Additionally, AsIII was
detected at around 16% and mAs at around 4% of the total
As concentrations. Treatment effects were similar as AsV, and
AsIII concentrations were highest in CFA (46 mg kg−1) followed
by CFC (22.9 mg kg−1) and IFC (13.2 mg kg−1). Methyl-
As was detected only in the CFA treatment at 12.5 mg kg−1.
In pore water samples obtained from the rhizosphere, the
predominant As-form was AsIII (around 80%). Pore water
AsIII concentrations were significantly (p < 0.05) higher in
the CFA treatment (19.4 µg L−1), followed by CFC treatment
(8.6 µg L−1), which were significantly higher than IFC treatment
(2.1 µg L−1). Methyl-As was detected in the pore water of
CFA treatment at 3.9 µg L−1 and some negligible amount
in CFC. In rice grains from CFA treatment, the predominant
As-form was mAs (around 83%), and in other treatments
both mAs and AsIII were detected at comparable percentage
(Table 2). Concentrations of mAs were significantly higher
in the CFA treatment (723.9 µg kg−1), followed by CFC
treatment (158 µg kg−1), which were significantly higher than
IFC treatment (88.5 µg kg−1). Concentrations of AsIII were
significantly higher in the CFA treatment (148.3 µg kg−1),

followed by CFC treatment (138.1 µg kg−1) and IFC treatment
(123.2 µg kg−1). There was no significant difference between
CFC and IFC treatments. As a result, mAs:AsIII in grain samples
were significantly higher in continuously flooded treatments.

As-Transforming Functional Groups in
the Rhizosphere Compartments
Among several functional genes detected by GeoChip 4, our
focus for this study was on As-, S-, and Fe-transforming
genes, as these functional groups largely influence As chemistry
and bioavailability in the rice rhizosphere. ARB, which carry
AsV-reductase (arsC) and AsIII-efflux genes (arsA/B), were the
most abundant functional group detected among all the As-
transforming gene probes detected in this study (Figure 1).
Other As related genes detected were arsenite oxidizing bacteria
(AOB), which carry aoxB gene and As-methylating bacteria
(AMB) which carry arsM gene, part of As-methylation pathway,
presumed to be one of the detoxification mechanisms (Das et al.,
2017). The arsC gene was detected in 197 prokaryotic group
(based on unique gene probes in Geochip), and aoxB in 34
and arsM in 19 unique gene probes (organisms) (Figure 1).
arsA/B were detected in less than 10 unique probes. Only
two organisms were positive for multiple As-functional gene
probes (arsC and arsM). These results confirm taxonomic
non-redundancy implying that As-reduction, -methylation,
and -oxidation processes were carried out by different group of
microorganisms in the rice rhizosphere microbiome.

Taxonomic affiliation for positive gene probes within ARBs,
AOBs and AMBs were compiled (Figure 2). Higher abundance
of arsC gene probes were noted within Alphaproteobacteria
followed by Gammaproteobacteria, Betaproteobacteria, and
Actinobacteria (Figure 2). Whereas, most abundant arsM
gene probes were within Deltaproteobacteria and Clostridia,
which indicate that As methylation in the rice rhizosphere
compartments was likely confined to mostly anaerobic bacteria.
The most abundant aoxB gene probes were either unclassified
or were within Gammaproteobacteria. Overall abundance
of arsC gene in the root-plaque compartment were higher
compared to the rhizosphere, however, not many differences
were noted between As- and water-treatments (Figure 2A).
The arsC represented in Gammaproteobacteria were detected
at higher abundance in the root-plaque samples compared
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FIGURE 1 | Venn diagram showing the number of unique and shared
functional gene probes containing different arsenic transforming gene probes
from all treatments. Numbers within the Venn diagrams represents total
number of positive gene probes detected.

to the rhizosphere, but there was no difference among other
taxonomic groups. Abundance of arsM gene was higher in
the rhizosphere compartment compared to the root-plaque
(Figure 2B). The arsM represented in Deltaproteobacteria were
detected at higher abundance in the root-plaque compared
to the rhizosphere, whereas Clostridia were higher in the
rhizosphere. The arsM abundances were not significantly
different between either As- or water-treatments. Hierarchical
clustering of arsM gene signal intensity indicated that As-
methylators clustered mostly by compartments, and then
by treatments within the compartments (Supplementary
Figure 1). The probe representing Desulfohalobium retbaense,
a sulfate reducing bacterium was the major As-methylator
target detected in most samples. Other major As-methylators
were similar to Salinibacter ruber, Desulfovibrio desulfuricans,
Pelotomaculum thermopropionicum, and Desulfotomaculum
acetoxidans. Hierarchical clustering of arsC also demonstrated
similar response to As and water treatments (Supplementary
Figure 2). Probes representing Rhodococcus erythropolis,
Nitrobacter winogradskyi, and Desulfobacterium autotrophicum
were the most abundant ARBs detected in all samples, whereas
one similar to Burkholderia multivorans and Maricaulis maris
were predominant in the rhizosphere and Enterobacter sakazakii
in the root-plaque. Abundance of aoxB was higher in the root-
plaque compartment compared to the rhizosphere (Figure 2C).
The aoxB represented within Gammaproteobacteria and
Betaproteobacteria were significantly higher in the root-plaque
compared to rhizosphere, but there were not many differences
between the As and water treatments.

The PCA analysis of As-gene probes indicated a distinct
separation by rhizosphere compartments (rhizosphere vs. the
root-plaque) (Supplementary Figure 3). Since almost 81%
of variance was reported within the first two components,
it can be assumed that As-transforming functional groups
were more responsive to rhizosphere compartmentalization.

Frontiers in Microbiology | www.frontiersin.org 6 November 2021 | Volume 12 | Article 736751

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-736751 November 1, 2021 Time: 13:44 # 7

Somenahally et al. Arsenic-Transforming Microbes in Rice Rhizosphere

FIGURE 2 | Relative abundance of major taxonomic classes represented
within different arsenic cycling gene probes (A) arsC, (B) arsM and (c) aoxB in
the rhizosphere compartments under different soil As and water management
treatments. CFA, continuously flooded-arsenic; CFC, continuously
flooded-control; IFC, intermittently flooded control. Suffix RP and Rz in group
labels represent the root-plaque and the rhizosphere samples, respectively.

Several microbial groups were predominant in root plaque
compartment such as organisms similar to Enterobacter
sakazakii, Desulfobacterium autotrophicum, Nitrobacter
winogradskyi, and Vibrio spp. We further explored through CCA
analysis ARBs assemblage in the treatments and relationship
to other genomic functions detected in these microorganisms
associated to positive gene probes. The analysis indicated that
other major genomic functions within the ARBs were distinctly
aligned between the compartments (Figure 3). The ARBs within
the rhizosphere compartment mostly associated with anaerobic
processes and carbon metabolism, such as carbon degradation
pathway, acetogenesis, methanogenesis, carbon fixation, and
cytochrome dependent pathways (Figure 3). Whereas in
the root-plaque, ARBs associated with ammonification and
phosphorus utilization among other functions. It was also
interesting to note that ARBs in the rhizosphere appeared to
be more sensitive to water and As-treatments compared to‘the
ARBs in the root-plaque. These results confirm distinctive
functional capabilities of ARBs in the rhizosphere compared
to the root-plaque compartment. A separate PCA analysis has
indicated that several ARBs in the rhizosphere and root-plaque

FIGURE 3 | Canonical correspondence analysis for ARB (arsC gene)
abundances compared with other functional associations (projected as bi-plot
vectors) in their genomes (other gene category probes detected in these
organisms). The arsC positive organisms from each sample were selected
from other gene categories and their abundance was summed by samples.
This data was used as variables for correspondence analysis and then were
plotted according to their correlations with arsC gene probes. Suffix RP and
Rz in group labels represent the root-plaque and the rhizosphere samples,
respectively. CFA, continuously flooded-arsenic (squares); CFC, continuously
flooded-control (triangles); IFC, intermittently flooded control (stars).

compartments were responsive to water management
and soil-As concentrations (Supplementary Figure 4).
PERMANOVA analysis also confirmed that ARBs in both
compartments were significantly influenced by soil-As and water
treatments (Table 3). Several ARBs probes were predominant in
As-amended treatments (CFA), such as Enterobacter sakazakii
in the rhizosphere, and Desulfobacterium autotrophicum,
Deinococcus geothermalis, and Rhodococcus erythropolis in the
root-plaque. Nitrobacter winogradskyi and Frankia sp. probes
associated with IFC treatments in the root plaque. These
results further confirm that several ARBs were responsive to
redox changes by water management, which may have altered
As-reduction potential in the rhizosphere.

TABLE 3 | PERMANOVA p-values for experimental variables (arsenic and water
treatments) on the gene-probe relative intensities in the rice rhizosphere and the
root-plaque compartments.

Rhizosphere Root-plaque

Functional
groups

Arsenic (As) Water (W) Arsenic (As) Water (W)

ARB 0.01 0.02 0.01 0.07

IRB 0.05 0.06 0.01 0.05

SRB 0.05 0.01 0.01 0.04

SOB 0.03 0.05 0.04 0.01

ARB, Arsenate-reducing bacteria; IRB, iron reducing bacteria; SRB, sulfate/sulfite
reducing bacteria; SOB, sulfur oxidizing bacteria.

Frontiers in Microbiology | www.frontiersin.org 7 November 2021 | Volume 12 | Article 736751

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-736751 November 1, 2021 Time: 13:44 # 8

Somenahally et al. Arsenic-Transforming Microbes in Rice Rhizosphere

Iron and Sulfur Transforming Functional
Groups in the Rhizosphere
Compartments
Biotic Fe-reduction can disrupt Fe-oxide phases and release
complexed-As, particularly in the root-plaque where As:Fe
ratios are significantly higher. A PERMANOVA analysis of
potential iron-reducing bacteria (pIRB) gene probe abundance
indicated a significantly different (p < 0.1) response to
water and As treatments in both the rhizosphere and root-
plaque compartments (Table 3). Most pIRBs detected in
these systems were Deltaprotebacteria, followed by a few

in Gammaproteobacteria and some Alphaproteobacteria
(Figure 4A). The PCA analysis of pIRB probe abundance
revealed a significant difference between the rhizosphere
compartments (Supplementary Figure 5). Major pIRB probes
driving the variation between the groups included Rhodobacter
sphaeroides, Geobacter sp. M21,Anaeromyxobacter dehalogenans,
and Thermoplasma acidophilum.

Similarly, a PERMANOVA analysis of SRB gene probe
abundance indicated a significant difference (p < 0.05) between
the water and As-treatments (Table 3). The relative abundance
of SRB functional genes was slightly higher in the root-plaque

FIGURE 4 | Relative abundance of major taxonomic classes represented within (A) cytochrome gene probes, (B) SRB (dsrA/B, APS_AprA/B gene probes), and
(C) SOB (SOX gene probes) in the rhizosphere compartments under different soil As and water management treatments. CFA, continuously flooded-arsenic; CFC,
continuously flooded-control; IFC, intermittently flooded control. Suffix RP and Rz in group labels represent the root-plaque and the rhizosphere samples,
respectively.
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samples compared to the rhizosphere soil (Figure 4B). Most
SRBs were classified as uncultured or unclassified gene probes of
bacteria, followed by Deltaproteobacteria. The PCA analysis
indicated a distinct separation by rhizosphere compartments
(Supplementary Figure 6). Principal SRB probes leading the
variability between the groups included several uncultured
isolates, a Desulforudis audaxviator, a Desulfofustis glycolicus,
and a Pyrobaculum calidifontis. According to CCA analysis,
distinctive assembly of SRBs within the compartments showed
further functional non-redundancy (Figure 5). Gene probes
within carbon fixation pathway, assimilatory N reduction,
denitrification, nitrogen fixation were major functional
associations for SRBs in the rhizosphere compartment.
Whereas SRBs in the root-plaque were associated with oxygen
stress, nitrogen limitation, phosphorus utilization, and As-
resistance genes as other major selective functions. A clear
distinction was also observed in response to water treatments
within the compartments, particularly in the rhizosphere
compartment. It was evident that saturated rhizosphere
compartment (IFC-Rz) assembled a functionally distinct SRBs
comparted to continuously flooded plots (CFC-Rz and CFA-Rz).
These results confirmed functional non-redundancy within
the SRBs within the compartments and in response to As and
water treatments.

The relative abundance of SOBs (SOX gene probes) did not
change significantly between the treatments or compartments
(Figure 4C). Most of the SOX gene probes detected were
either Alphaproteobacteria, Chlorobia, Gammaproteobacteria,
or Betaproteobacteria. PERMANOVA analysis of SOX gene
probes suggested a difference (p < 0.1) in response to As- and

water treatments (Table 3). However, the PCA analysis of
gene-probes for SOX genes showed a major separation between
the rhizosphere compartments (Supplementary Figure 7).
Major probes leading the divergence between the treatments
represented a Nitrobacter hamburgensis, a Rhodobacterales sp.,
a Rhodopseudomonas palustris, a Methylobacterium sp., and a
Allochromatium vinosum.

DISCUSSION

This study revealed that rice rhizosphere and root-plaque
compartments are a niche for many distinct As-cycling functional
groups and provided novel insights on their responses to water
management and soil As-concentrations in a long term MSMA
amended field site. Among several As-functional groups detected,
ARBs, AMBs, and AOBs were major ones in both rhizosphere
and root-plaque compartments. Although the relative abundance
did not significantly change between the experimental variables
(Figures 3, 4), the diversity of relative signal intensity based on
PERMANOVA and PCA analysis revealed significant differences
between the compartments and to some extent between the
main treatments of arsenic and water management. Particularly,
ARBs exhibited niche differentiation between the compartments
and in response to long term As-contamination (Figure 3 and
Supplementary Figure 4), probably enriching several ARBs
resistant to higher As concentrations as noted in Supplementary
Figures 4A,B. A previous study showed that several ARBs
were enriched in As contaminated soils (Qin et al., 2006; Hu
et al., 2019). One possible explanation was that arsC mediated

FIGURE 5 | Canonical correspondence analysis for SRB (dsrA/B, APS_AprA/B gene probes) abundances compared with other functional associations in their
genomes (other gene category probes detected in these organisms). The SRB gene probes positive organisms from each sample were selected from other gene
categories and their abundance was summed by samples. This data was used as variables for correspondence analysis and then were plotted according to their
correlations with SRB gene probes.
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reduction of AsV to AsIII may also be a detoxification process
for many microbes in As-enriched soils (Qin et al., 2006). Thus,
it was presumed that bio-reduction of AsV to AsIII by ARBs
contributed to higher AsIII concentrations in MSMA amended
plots. Arsenic species quantification supported this assumption
as AsIII concentrations in the rhizosphere, root-plaque, pore
water, and grain samples were significantly higher in CFA
plots. Although, AsIII was still detected in CFC plots and to a
lesser extent in IFC plots, indicating the facultative nature of
ARBs switching from anaerobic conditions and to less anaerobic
conditions during the wet-dry cycles.

Relative abundance of several AMBs increased in both
compartments under CF treatments, which accumulated
significantly higher mAs concentrations in the grains, with
highest concentrations detected in CFA plots. Moreover,
mAs:total-As concentration ratios were consistently higher in
the rhizosphere, root-plaque, pore water and grain samples
within CF plots which clearly demonstrated higher methylation
potential in both compartments under continuous flooding.
Other studies have reported similar trends demonstrating
that the more mAs was produced under continuous flooding
compared to intermittently flooded practices (Li et al., 2009;
Moreno-Jiménez et al., 2014). Higher AsIII noted under CF
plots may have subsequently triggered As-methylation in the
rice rhizosphere, which is another detoxification process evolved
by many microbes to detoxify more toxic AsIII (Reid et al.,
2017). One study noted that the higher AsIII under continuous
flooding practice enhanced As-methylating microbes compared
to intermittently flooded rice (Zecchin et al., 2017b). Similarly,
it was shown that higher concentrations of AsIII stimulated As-
methylation (Qin et al., 2006) and increased mAs concentrations
in the rice grains (Wang et al., 2019). Thus, results of our
study conform to the hypothesis that much of the grain mAs
originates from the rhizosphere as a result of biotransformation
by AMBs (Lomax et al., 2012). We further propose that root-
plaque compartment is also a niche for microbial methylation
of As and probably contributed to mAs uptake by rice plants.
Intermittent flooding slightly decreased arsM abundance in the
rhizosphere but did not completely inhibit their abundance as
mAs was detected in rice grain from IF plots as well. Anaerobic
As-methylators were probably diminished by intermittent water
management (Reid et al., 2017), as predominant AMBs appeared
to be anaerobic, and mostly within Deltaproteobacteria. However,
it must be acknowledged that many diverse taxonomic groups
have been identified with a capability to methylate As (Reid
et al., 2017; Zhai et al., 2017; Afroz et al., 2019), which were not
represented in GeoChip 4. Nonetheless, results of this study
confirm the abundance of AMBs in the rice rhizosphere and
their sensitivity to water management. Results further support
the hypothesis that higher soil-As concentration increased ARB
mediated AsIII concentrations in the rhizosphere compartments,
which potentially stimulated AMBs and generation of mAs in
the rhizosphere and subsequent accumulation in the rice grain.
Thus, demonstrating higher potential for microbial methylation
of As in As contaminated rice fields under continuous flooding.
This phenomenon might be responsible for higher mAs:AsIII
concentrations in rice grains originating from long term MSMA

contaminated plots, where intermittent water management led
to a larger reduction in grain AsIII and mAs-concentrations
(Somenahally et al., 2011a,b).

Results also indicated that rice rhizosphere compartments
are a niche for many pIRBs and SRBs, which distinctly
assembled within the compartments and in response to water
and As treatments. These predominantly anaerobic functional
groups are supposedly sensitive to oxic-redox conditions
but were only marginally diminished by more oxidized
conditions at the root-plaque compartment. Transient anoxic
conditions during root-respiration cycles probably induced
their continued abundance and activity. Iron reduction and
subsequent dissolution of complexed-As at the root-plaque
compartment is critical as higher As:Fe ratios, particularly
in CF plots, poses greater risk of releasing As bound to
Fe-oxyhydroxides as noted in other studies (Jia et al., 2014; Hu
et al., 2015). Additionally, some IRBs may have also contributed
to reduction of AsV to AsIII, as many pIRBs were also positive
for the arsC gene probes. Given the proximity to roots, these
specialist pIRBs could release Fe-oxide bound AsV and also
reduce it to AsIII, which is highly bioavailable and may also induce
microbial methylation. Some released As may co-precipitate
with sulfides, as noted by several studies (Newman et al.,
1997; Cai et al., 2009; Battaglia-Brunet et al., 2012; Jia et al.,
2015) or can also be incorporated into FeII-sulfide minerals
(Bostick and Fendorf, 2003). These processes can potentially
minimize As-bioavailability, however, sulfide oxidizing bacteria
could interrupt this mitigation potential by releasing sulfide
bound-As through oxidation of thio-As compounds (Newman
et al., 1997; Hoeft et al., 2004; Oremland et al., 2004). Although, it
must be recognized that many microbial As-transformations and
fate of bio-transformed-As compounds in the rice rhizosphere
are still not clearly understood.

We further explored whether niche separation of ARBs,
SRBs, and pIRBs within the rhizosphere compartments coupled
to similar functional profiles. When other genomic functions
were overlayed using CCA analysis, it was noted that ARBs in
the root-plaque associated with nutrient cycling processes such
as ammonification, phosphorus utilization and nitrification,
whereas, in the rhizosphere ARBs were specialists for anaerobic
metabolism of carbon through acetogenesis, methanogenesis
and others. Differences in soil As-concentrations between
these two compartments could be the primary driver of
microbial assembly, as higher As concentrations generally
promote functional groups that can also tolerate As-toxicity
(Cai et al., 2009; Xiong et al., 2010). Moreover, CCA plots
confirmed that As-resistance (arsC) was one of the major
driving factors for SRBs in the root-plaque compartment.
Association of As-transformation to different biogeochemical
cycling processes was further evidenced in ARBs closely aligning
with N-cycling processes, whereas As-methylation was linked
to sulfate reduction in the rhizosphere. Thus, under long-term
As contamination, continuous flooding may promote specialists
linked to As-methylation within anaerobic functional groups
such as SRBs. Thus, it can be proposed that wet-dry cycles under
intermittent flooding elicited a major shift in AMBs and ARBs.
For example, ARBs with assimilatory N-reduction and methane
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production were more sensitive to wet-dry cycles (intermittent
flooding). Similar functional segregation was also observed for
SRBs within the compartments, as SRBs in the rhizosphere
associated with anaerobic N-cycling processes, whereas in
the root-plaque with As-resistance mechanisms and nutrient
utilization functions. It has been shown in other studies that
As and S transformation processes are interlinked in SRBs, and
may promote specialist functional groups in As-contaminated
sites (Serrano and Leiva, 2017; Xue et al., 2020). Similarly,
both water management and As-contamination have been noted
to drive microbial specialist functional groups interlinked to
As (Zecchin et al., 2017a). Similarly, another study noted that
As-reduction was coupled to NO3 reduction in the flooded
rice rhizosphere (Li et al., 2019), and it is probable for
several of these N cycling microbes to gain As-transformation
processes in As-contaminated soils. Thus, likelihood of microbial
exposure to As and other nutrients appears to be a major
factor driving the microbial assemblage toward specialists in
As-resistance and nutrient cycling at the root-plaque. Other
reports demonstrated similar mechanism of As-contamination
influencing the metabolic coupling of As-transforming with
Fe-cycling (Muehe et al., 2016; Yi et al., 2019), with S-cycling
microorganisms (Das et al., 2021) and with metabolism of C, N,
and P (Dunivin et al., 2019; Das et al., 2021).

CONCLUSION

Results of this field study utilizing long-term MSMA
contaminated rice field sites revealed niche-separation of
functional microbiome in the rhizosphere compartments.
Rhizosphere and root-plaque compartments assembled different
ARBs and AMBs community, which were also responsive to
water management and soil-As concentrations. As-transforming
functional groups within the compartments coupled to different
biogeochemical cycling processes confirming their distinctive
functional capabilities for adapting to local biogeochemical
conditions in the rhizosphere and the root-plaque compartments.
These niche adaptations were also influenced by long-term As
contamination, as higher potential for microbial As-reduction
and As-methylation was noted in CFA plots. Intermittent

flooding impacted these As-biotransformation processes and
significantly reduced AsIII and mAs accumulation in the grains.
Study results provided a benchmark data on rhizosphere
microbial biogeography and functional responses for predictive
understanding of critical As-biotransformation processes in
response to soil redox changes through water management and
As contamination. These predictive responses could be modeled
to develop mitigation strategies to alter key biotransformation
processes such as As-reduction and As-methylation in soils with
a history of As contamination.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in NCBI
repository under the accession GSE179671.

AUTHOR CONTRIBUTIONS

AS, TG, and RL designed the study and experimental details. AS
conducted the experiment, completed the analysis, and wrote the
initial draft. TG, RL, and JZ contributed to the manuscript and
editing. All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

Field sites used for this study were maintained by Dr. Wengui
Yan at the USDA-ARS, Dale Bumpers National Rice Research
Center, Stuttgart, Arkansas. We acknowledge his support
for this study and his team for their help with the field
experiment and sampling.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.736751/full#supplementary-material

REFERENCES
Afroz, H., Su, S., Carey, M., Meharg, A. A., and Meharg, C. (2019). Inhibition of

microbial methylation via arsM in the rhizosphere: arsenic speciation in the soil
to plant continuum. Environ. Sci. Technol. 53, 3451–3463. doi: 10.1021/acs.est.
8b07008

Bacha, R. E., and Hossner, L. R. (1977). Characteristics of coatings formed on rice
roots as affected by iron and manganese additions. Soil Sci. Soc. Am. J. 41,
931–935. doi: 10.2136/sssaj1977.03615995004100050025x

Battaglia-Brunet, F., Crouzet, C., Burnol, A., Coulon, S., Morin, D., and
Joulian, C. (2012). Precipitation of arsenic sulphide from acidic water in a
fixed-film bioreactor. Water Res. 46, 3923–3933. doi: 10.1016/j.watres.2012.
04.035

Bednar, A., Garbarino, J., Ranville, J., and Wildeman, T. (2002). Presence of
organoarsenicals used in cotton production in agricultural water and soil of
the southern United States. J. Agric. Food Chem. 50, 7340–7344. doi: 10.1021/
jf025672i

Bostick, B. C., and Fendorf, S. (2003). Arsenite sorption on troilite (FeS) and pyrite
(FeS2). Geochim. Cosmochim. Acta. 67, 909–921. doi: 10.1016/s0016-7037(02)
01170-5

Cai, L., Liu, G. H., Rensing, C., and Wang, G. J. (2009). Genes involved
in arsenic transformation and resistance associated with different levels
of arsenic-contaminated soils. BMC Microbiol. 9:4. doi: 10.1186/1471-
2180-9-4

Chen, Z., Zhu, Y. G., Liu, W. J., and Meharg, A. A. (2005). Direct evidence showing
the effect of root surface iron plaque on arsenite and arsenate uptake into rice
(Oryza sativa) roots. New Phytol. 165, 91–97. doi: 10.1111/j.1469-8137.2004.
01241.x

Dai, J., Tang, Z., Jiang, N., Kopittke, P. M., Zhao, F.-J., and Wang, P. (2020).
Increased arsenic mobilization in the rice rhizosphere is mediated by iron-
reducing bacteria. Environ. Pollut. 263:114561. doi: 10.1016/j.envpol.2020.
114561

Das, S., Chou, M.-L., Jean, J.-S., Liu, C.-C., and Yang, H.-J. (2016). Water
management impacts on arsenic behavior and rhizosphere bacterial

Frontiers in Microbiology | www.frontiersin.org 11 November 2021 | Volume 12 | Article 736751

https://www.frontiersin.org/articles/10.3389/fmicb.2021.736751/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.736751/full#supplementary-material
https://doi.org/10.1021/acs.est.8b07008
https://doi.org/10.1021/acs.est.8b07008
https://doi.org/10.2136/sssaj1977.03615995004100050025x
https://doi.org/10.1016/j.watres.2012.04.035
https://doi.org/10.1016/j.watres.2012.04.035
https://doi.org/10.1021/jf025672i
https://doi.org/10.1021/jf025672i
https://doi.org/10.1016/s0016-7037(02)01170-5
https://doi.org/10.1016/s0016-7037(02)01170-5
https://doi.org/10.1186/1471-2180-9-4
https://doi.org/10.1186/1471-2180-9-4
https://doi.org/10.1111/j.1469-8137.2004.01241.x
https://doi.org/10.1111/j.1469-8137.2004.01241.x
https://doi.org/10.1016/j.envpol.2020.114561
https://doi.org/10.1016/j.envpol.2020.114561
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-736751 November 1, 2021 Time: 13:44 # 12

Somenahally et al. Arsenic-Transforming Microbes in Rice Rhizosphere

communities and activities in a rice agro-ecosystem. Sci. Total Environ.
542, 642–652. doi: 10.1016/j.scitotenv.2015.10.122

Das, S., Chou, M.-L., Jean, J.-S., Yang, H.-J., and Kim, P. J. (2017). Arsenic-
enrichment enhanced root exudates and altered rhizosphere microbial
communities and activities in hyperaccumulator Pteris vittata. J. Hazard. Mater.
325, 279–287. doi: 10.1016/j.jhazmat.2016.12.006

Das, S., Gwon, H. S., Khan, M. I., Van Nostrand, J. D., Alam, M. A., and Kim,
P. J. (2019). Taxonomic and functional responses of soil microbial communities
to slag-based fertilizer amendment in rice cropping systems. Environ. Int. 127,
531–539. doi: 10.1016/j.envint.2019.04.012

Das, S., Hwang, H. Y., Song, H. J., Cho, S. R., Van Nostrand, J. D., and Kim,
P. J. (2021). Soil microbial response to silicate fertilization reduces bioavailable
arsenic in contaminated paddies. Soil Biol. Biochem. 159:108307. doi: 10.1016/
j.soilbio.2021.108307

Dunivin, T. K., Yeh, S. Y., and Shade, A. (2019). A global survey of arsenic-related
genes in soil microbiomes. BMC Biol. 17:45. doi: 10.1186/s12915-019-0661-5

Hammer, Ø, Harper, D. A. T., and Ryan, P. D. (2001). PAST: paleontological
statistics software package for education and data analysis. Palaeontol.
Electronica 4, 9–15.

Hoeft, S. E., Kulp, T. R., Stolz, J. F., Hollibaugh, J. T., and Oremland, R. S. (2004).
Dissimilatory arsenate reduction with sulfide as electron donor: experiments
with Mono Lake water and isolation of strain MLMS-1, a chemoautotrophic
arsenate respirer. Appl. Environ. Microbiol. 70, 2741–2747. doi: 10.1128/aem.
70.5.2741-2747.2004

Hossain, M. B., Jahiruddin, M., Loeppert, R. H., Panaullah, G. M., Islam, M. R.,
and Duxbury, J. M. (2009). The effects of iron plaque and phosphorus on yield
and arsenic accumulation in rice. Plant Soil 317, 167–176. doi: 10.1007/s11104-
008-9798-7

Hu, M., Li, F., Liu, C., and Wu, W. (2015). The diversity and abundance of As (III)
oxidizers on root iron plaque is critical for arsenic bioavailability to rice. Sci.
Rep. 5:13611.

Hu, M., Sun, W., Krumins, V., and Li, F. (2019). Arsenic contamination
influences microbial community structure and putative arsenic metabolism
gene abundance in iron plaque on paddy rice root. Sci. Total Environ. 649,
405–412. doi: 10.1016/j.scitotenv.2018.08.388

Jia, Y., Bao, P., and Zhu, Y.-G. (2015). Arsenic bioavailability to rice plant in paddy
soil: influence of microbial sulfate reduction. J. Soils Sediments 15, 1960–1967.
doi: 10.1007/s11368-015-1133-3

Jia, Y., Huang, H., Chen, Z., and Zhu, Y.-G. (2014). Arsenic uptake by rice is
influenced by microbe-mediated arsenic redox changes in the rhizosphere.
Environ. Sci. Technol. 48, 1001–1007. doi: 10.1021/es403877s

Jomova, K., Jenisova, Z., Feszterova, M., Baros, S., Liska, J., Hudecova, D., et al.
(2011). Arsenic: toxicity, oxidative stress and human disease. J. Appl. Toxicol.
31, 95–107.

Kumarathilaka, P., Seneweera, S., Meharg, A., and Bundschuh, J. (2018). Arsenic
speciation dynamics in paddy rice soil-water environment: sources, physico-
chemical, and biological factors-a review. Water Res. 140, 403–414. doi: 10.
1016/j.watres.2018.04.034

Lafferty, B. J., and Loeppert, R. H. (2005). Methyl arsenic adsorption and
desorption behavior on iron oxides. Environ. Sci. Technol. 39, 2120–2127. doi:
10.1021/es048701%2B

Li, R., Stroud, J., Ma, J., McGrath, S., and Zhao, F. (2009). Mitigation of arsenic
accumulation in rice with water management and silicon fertilization. Environ.
Sci. Technol. 43, 3778–3783. doi: 10.1021/es803643v

Li, X., Qiao, J., Li, S., Häggblom, M. M., Li, F., and Hu, M. (2019). Bacterial
communities and functional genes stimulated during anaerobic arsenite
oxidation and nitrate reduction in a paddy soil. Environ. Sci. Technol. 54,
2172–2181. doi: 10.1021/acs.est.9b04308

Linquist, B. A., Anders, M. M., Adviento−Borbe, M. A. A., Chaney, R. L., Nalley,
L. L., Da Rosa, E. F., et al. (2015). Reducing greenhouse gas emissions, water
use, and grain arsenic levels in rice systems. Glob. Chang. Biol. 21, 407–417.
doi: 10.1111/gcb.12701

Liu, F., Zhang, G., Liu, S., Fu, Z., Chen, J., and Ma, C. (2018). Bioremoval of arsenic
and antimony from wastewater by a mixed culture of sulfate-reducing bacteria
using lactate and ethanol as carbon sources. Int. Biodeterior. Biodegradation.
126, 152–159. doi: 10.1016/j.ibiod.2017.10.011

Liu, W. J., Zhu, Y. G., Smith, F. A., and Smith, S. E. (2004). Do phosphorus
nutrition and iron plaque alter arsenate (As) uptake by rice seedlings in

hydroponic culture? New Phytol. 162, 481–488. doi: 10.1111/j.1469-8137.2004.
01035.x

Lomax, C., Liu, W.-J., Wu, L., Xue, K., Xiong, J., Zhou, J., et al. (2012). Methylated
arsenic species in plants originate from soil microorganisms. New Phytol. 193,
665–672. doi: 10.1111/j.1469-8137.2011.03956.x

Masscheleyn, P. H., Delaune, R. D., and Patrick, W. H. (1991). Arsenic
and selenium chemistry as affected by sediment redox potential and ph.
J. Environ. Qual. 20, 522–527. doi: 10.2134/jeq1991.004724250020000
30004x

Mondal, D., and Polya, D. A. (2008). Rice is a major exposure route for arsenic
in Chakdaha block, Nadia district, West Bengal, India: a probabilistic risk
assessment. Appl. Geochem. 23, 2987–2998. doi: 10.1016/j.apgeochem.2008.
06.025

Moreno-Jiménez, E., Meharg, A. A., Smolders, E., Manzano, R., Becerra, D.,
Sánchez-Llerena, J., et al. (2014). Sprinkler irrigation of rice fields reduces
grain arsenic but enhances cadmium. Sci. Total Environ. 485, 468–473. doi:
10.1016/j.scitotenv.2014.03.106

Muehe, E. M., Morin, G., Scheer, L., Pape, P. L., Esteve, I.n, Daus, B., et al.
(2016). Arsenic (V) incorporation in vivianite during microbial reduction of
arsenic (V)-bearing biogenic Fe (III)(oxyhydr) oxides. Environ. Sci. Technol. 50,
2281–2291. doi: 10.1021/acs.est.5b04625

Neubauer, S. C., Toledo-Duran, G. E., Emerson, D., and Megonigal, J. P. (2007).
Returning to their roots: iron-oxidizing bacteria enhance short-term plaque
formation in the wetland-plant rhizosphere. Geomicrobiol. J. 24, 65–73. doi:
10.1080/01490450601134309

Newman, D. K., Beveridge, T. J., and Morel, F. M. M. (1997). Precipitation
of arsenic trisulfide by Desulfotomaculum auripigmentum. Appl. Environ.
Microbiol. 63, 2022–2028. doi: 10.1128/aem.63.5.2022-2028.1997

Ohno, K., Matsuo, Y., Kimura, T., Yanase, T., Rahman, M. H., Magara, Y., et al.
(2009). Effect of rice-cooking water to the daily arsenic intake in Bangladesh:
results of field surveys and rice-cooking experiments. Water Sci. Technol. 59,
195–201. doi: 10.2166/wst.2009.844

Oremland, R. S., and Stolz, J. F. (2003). The ecology of arsenic. Science 300,
939–944.

Oremland, R. S., Stolz, J. F., and Hollibaugh, J. T. (2004). The microbial arsenic
cycle in Mono Lake, California. FEMS Microbiol. Ecol. 48, 15–27. doi: 10.1016/
j.femsec.2003.12.016

Pillai, T. R., Yan, W., Agrama, H. A., James, W. D., Ibrahim, A. M. H., McClung,
A. M., et al. (2010). Total grain-arsenic and arsenic-species concentrations
in diverse rice cultivars under flooded conditions. Crop Sci. 50, 2065–2075.
doi: 10.2135/cropsci2009.10.0568

Qin, J., Rosen, B. P., Zhang, Y., Wang, G. J., Franke, S., and Rensing, C. (2006).
Arsenic detoxification and evolution of trimethylarsine gas by a microbial
arsenite S-adenosylmethionine methyltransferase. Proc. Natl. Acad. Sci. U.S.A.
103, 2075–2080. doi: 10.1073/pnas.0506836103

Reid, M. C., Maillard, J., Bagnoud, A., Falquet, L., Le Vo, P., and Bernier-
Latmani, R. (2017). Arsenic methylation dynamics in a rice paddy soil anaerobic
enrichment culture. Environ. Sci. Technol. 51, 10546–10554. doi: 10.1021/acs.
est.7b02970

Roger, P. A., Zimmerman, W. J., and Lumpkin, T. A. (1993). “Microbiological
management of wetland rice fields,” in Soil Microbial Ecology: Applications in
Agricultural and Environmental Management, ed. Jr. FB Metting (New York,
NY: Marcel Dekker), 417–455.

Seddique, A. A., Masuda, H., Mitamura, M., Shinoda, K., Yamanaka, T., Itai, T.,
et al. (2008). Arsenic release from biotite into a holocene groundwater aquifer
in Bangladesh. Appl. Geochem. 23, 2236–2248. doi: 10.1016/j.apgeochem.2008.
03.007

Serrano, J., and Leiva, E. (2017). Removal of arsenic using acid/metal-tolerant
sulfate reducing bacteria: a new approach for bioremediation of high-arsenic
acid mine waters. Water 9:994. doi: 10.3390/w9120994

Somenahally, A. C., Hollister, E. B., Yan, W., Gentry, T. J., and Loeppert, R. H.
(2011b). Water management impacts on arsenic speciation and iron-reducing
bacteria in contrasting rice-rhizosphere compartments. Environ. Sci. Technol.
45, 8328–8335. doi: 10.1021/es2012403

Somenahally, A. C., Hollister, E. B., Loeppert, R. H., Yan, W., and Gentry, T. J.
(2011a). Microbial communities in rice rhizosphere altered by intermittent
and continuous flooding in fields with long-term arsenic application. Soil Biol.
Biochem. 43, 1220–1228. doi: 10.1016/j.soilbio.2011.02.011

Frontiers in Microbiology | www.frontiersin.org 12 November 2021 | Volume 12 | Article 736751

https://doi.org/10.1016/j.scitotenv.2015.10.122
https://doi.org/10.1016/j.jhazmat.2016.12.006
https://doi.org/10.1016/j.envint.2019.04.012
https://doi.org/10.1016/j.soilbio.2021.108307
https://doi.org/10.1016/j.soilbio.2021.108307
https://doi.org/10.1186/s12915-019-0661-5
https://doi.org/10.1128/aem.70.5.2741-2747.2004
https://doi.org/10.1128/aem.70.5.2741-2747.2004
https://doi.org/10.1007/s11104-008-9798-7
https://doi.org/10.1007/s11104-008-9798-7
https://doi.org/10.1016/j.scitotenv.2018.08.388
https://doi.org/10.1007/s11368-015-1133-3
https://doi.org/10.1021/es403877s
https://doi.org/10.1016/j.watres.2018.04.034
https://doi.org/10.1016/j.watres.2018.04.034
https://doi.org/10.1021/es048701%2B
https://doi.org/10.1021/es048701%2B
https://doi.org/10.1021/es803643v
https://doi.org/10.1021/acs.est.9b04308
https://doi.org/10.1111/gcb.12701
https://doi.org/10.1016/j.ibiod.2017.10.011
https://doi.org/10.1111/j.1469-8137.2004.01035.x
https://doi.org/10.1111/j.1469-8137.2004.01035.x
https://doi.org/10.1111/j.1469-8137.2011.03956.x
https://doi.org/10.2134/jeq1991.00472425002000030004x
https://doi.org/10.2134/jeq1991.00472425002000030004x
https://doi.org/10.1016/j.apgeochem.2008.06.025
https://doi.org/10.1016/j.apgeochem.2008.06.025
https://doi.org/10.1016/j.scitotenv.2014.03.106
https://doi.org/10.1016/j.scitotenv.2014.03.106
https://doi.org/10.1021/acs.est.5b04625
https://doi.org/10.1080/01490450601134309
https://doi.org/10.1080/01490450601134309
https://doi.org/10.1128/aem.63.5.2022-2028.1997
https://doi.org/10.2166/wst.2009.844
https://doi.org/10.1016/j.femsec.2003.12.016
https://doi.org/10.1016/j.femsec.2003.12.016
https://doi.org/10.2135/cropsci2009.10.0568
https://doi.org/10.1073/pnas.0506836103
https://doi.org/10.1021/acs.est.7b02970
https://doi.org/10.1021/acs.est.7b02970
https://doi.org/10.1016/j.apgeochem.2008.03.007
https://doi.org/10.1016/j.apgeochem.2008.03.007
https://doi.org/10.3390/w9120994
https://doi.org/10.1021/es2012403
https://doi.org/10.1016/j.soilbio.2011.02.011
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-736751 November 1, 2021 Time: 13:44 # 13

Somenahally et al. Arsenic-Transforming Microbes in Rice Rhizosphere

Taylor, G. J., Crowder, A. A., and Rodden, R. (1984). Formation and morphology
of an iron plaque on the roots of Typha-Latifolia L grown in solution culture.
Am. J. Bot. 71, 666–675.

Tu, Q., Yu, H., He, Z., Deng, Y., Wu, L., Van Nostrand, J. D., et al. (2014).
GeoChip 4: a functional gene−array−based high−throughput environmental
technology for microbial community analysis. Mol. Ecol. Resour. 14, 914–928.

Wang, M., Tang, Z., Chen, X.-P., Wang, X., Zhou, W.-X., Tang, Z., et al. (2019).
Water management impacts the soil microbial communities and total arsenic
and methylated arsenicals in rice grains. Environ. Pollut. 247, 736–744. doi:
10.1016/j.envpol.2019.01.043

Williams, P., Raab, A., Feldmann, J., and Meharg, A. (2007). Market basket survey
shows elevated levels of as in South Central US processed rice compared to
California: consequences for human dietary exposure. Environ. Sci. Technol. 41,
2178–2183. doi: 10.1021/es061489k

Winkel, L. H. E., Trang, P. T. K., Lan, V. M., Stengel, C., Amini, M., Ha, N. T.,
et al. (2011). Arsenic pollution of groundwater in Vietnam exacerbated by
deep aquifer exploitation for more than a century. Proc. Nat. Acad. Sci. 108,
1246–1251. doi: 10.1073/pnas.1011915108

Xiong, J. B., Wu, L. Y., Tu, S. X., Van Nostrand, J. D., He, Z. L., Zhou, J. Z.,
et al. (2010). Microbial communities and functional genes associated with soil
arsenic contamination and the rhizosphere of the arsenic-hyperaccumulating
plant Pteris vittata L. Appl. Environ. Microbiol. 76, 7277–7284. doi: 10.1128/
aem.00500-10

Xiong, J., He, Z., Van Nostrand, J. D., Luo, G., Tu, S., Zhou, J., et al. (2012).
Assessing the microbial community and functional genes in a vertical soil
profile with long-term arsenic contamination. PLoS One 7:e50507. doi: 10.1371/
journal.pone.0050507

Xu, X. Y., McGrath, S. P., Meharg, A. A., and Zhao, F. J. (2008). Growing rice
aerobically markedly decreases arsenic accumulation. Environ. Sci. Technol. 42,
5574–5579. doi: 10.1021/es800324u

Xue, S., Jiang, X., Wu, C., Hartley, W., Qian, Z., Luo, X., et al. (2020). Microbial
driven iron reduction affects arsenic transformation and transportation in soil-
rice system. Environ. Pollut. 260:114010. doi: 10.1016/j.envpol.2020.114010

Yan, W. G., Dilday, R. H., Tai, T. H., Gibbons, J. W., McNew, R. W., and Rutger,
J. N. (2005). Differential response of rice germplasm to straighthead induced by
arsenic. Crop Sci. 45, 1223–1228. doi: 10.2135/cropsci2004.0348

Yi, X.-Y., Yang, Y.-P., Yuan, H.-Y., Chen, Z., Duan, G.-L., and Zhu, Y.-G. (2019).
Coupling metabolisms of arsenic and iron with humic substances through
microorganisms in paddy soil. J. Hazard. Mater. 373, 591–599. doi: 10.1016/
j.jhazmat.2019.03.113

Zecchin, S., Corsini, A., Martin, M., Romani, M., Beone, G. M., Zanchi, R.,
et al. (2017b). Rhizospheric iron and arsenic bacteria affected by water regime:
implications for metalloid uptake by rice. Soil Biol. Biochem. 106, 129–137.
doi: 10.1016/j.soilbio.2016.12.021

Zecchin, S., Corsini, A., Martin, M., and Cavalca, L. (2017a). Influence of water
management on the active root-associated microbiota involved in arsenic, iron,
and sulfur cycles in rice paddies. Appl. Microbiol. Biotechnol. 101, 6725–6738.
doi: 10.1007/s00253-017-8382-6

Zhai, W., Wong, M. T., Luo, F., Hashmi, M. Z., Liu, X., Edwards, E. A., et al. (2017).
Arsenic methylation and its relationship to abundance and diversity of arsm
genes in composting manure. Sci. Rep. 7:42198.

Zhang, S.-Y., Zhao, F.-J., Sun, G.-X., Su, J.-Q., Yang, X.-R., Li, H., et al. (2015).
Diversity and abundance of arsenic biotransformation genes in paddy soils from
Southern China. Environ. Sci. Technol. 49, 4138–4146. doi: 10.1021/acs.est.
5b00028

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Somenahally, Loeppert, Zhou and Gentry. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 13 November 2021 | Volume 12 | Article 736751

https://doi.org/10.1016/j.envpol.2019.01.043
https://doi.org/10.1016/j.envpol.2019.01.043
https://doi.org/10.1021/es061489k
https://doi.org/10.1073/pnas.1011915108
https://doi.org/10.1128/aem.00500-10
https://doi.org/10.1128/aem.00500-10
https://doi.org/10.1371/journal.pone.0050507
https://doi.org/10.1371/journal.pone.0050507
https://doi.org/10.1021/es800324u
https://doi.org/10.1016/j.envpol.2020.114010
https://doi.org/10.2135/cropsci2004.0348
https://doi.org/10.1016/j.jhazmat.2019.03.113
https://doi.org/10.1016/j.jhazmat.2019.03.113
https://doi.org/10.1016/j.soilbio.2016.12.021
https://doi.org/10.1007/s00253-017-8382-6
https://doi.org/10.1021/acs.est.5b00028
https://doi.org/10.1021/acs.est.5b00028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Niche Differentiation of Arsenic-Transforming Microbial Groups in the Rice Rhizosphere Compartments as Impacted by Water Management and Soil-Arsenic Concentrations
	Introduction
	Materials and Methods
	Field Experimental Details
	Sampling Protocols for Rhizosphere Compartments, Pore Water, and Rice Grains
	Arsenic Speciation and Analysis
	GeoChip Microarray Hybridization and Data Analysis
	Statistical Analysis

	Results
	Arsenic Concentrations in the Rhizosphere Compartments and Rice Grain
	As-Transforming Functional Groups in the Rhizosphere Compartments
	Iron and Sulfur Transforming Functional Groups in the Rhizosphere Compartments

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


