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Abstract

Arsenic (As) is a toxic metalloid that can enter the food chain through uptake by plants from soils followed by produc-
tion of plant-based food. While soil-plant transfer of As in crops, especially rice, is relatively well studied, the role of soil
microbes in As translocation in maize is not well understood. We performed a greenhouse pot experiment with maize plants
grown at different soil As levels to study the role of soil microbes on uptake of different As species by maize. Three soil
treatments with varying disturbance of the soil microbes (native soil, sterilized soil, and sterilized soil reconditioned with
soil indigenous microbes) were intersected with three levels of As in soils (0, 100 and 200 mg kg~! spiked As, aged for
8 weeks) in a greenhouse experiment, where maize was grown for 5 months. Compared to uncontaminated soils, maize in
high-As soils tended to accumulate more As in stems and less in leaves and grains, proportionally. Arsenic levels in stems
were increased in sterilized soils due to the disturbance of the microbiome. The sterilization effects caused a phosphorus and
manganese deficiency, leading to a higher As uptake in plants, that increased with rising As levels and resulted in a lower
total dry biomass of the plants. In summary, this study highlights the role of soil indigenous microbes in limiting the uptake
and translocation of inorganic As into maize. Compared to rice, cultivating maize plants in high-As soils is recommended.

Keywords Soil indigenous microbes - Plant-microbe interactions - Arsenic translocation and speciation in maize - Soil
sterilization

Introduction

The consumption of crops grown on arsenic (As)-contam-
inated soils raises serious concerns for human and animal
health (Punshon et al. 2017; Ruiz-Chancho et al. 2008).
The transfer of As from soils to plants is not only an agro-
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nomic problem, as it negatively affects plant development
and leads to yield losses (Srivastava 2020), but more a
human health problem as consumption of As-containing
staple foods will increase human As uptake with conse-
quences to human health (Khan et al. 2022). Maize (Zea
mays L.) is the most widely grown cereal in the world
with an annual production of more than one billion tons.
Maize is an important animal feed and a staple food for
many people in South America, Africa, and Asia (Rosas-
Castor et al. 2014a). In the maize-producing countries, As
in some soils has significantly exceeded the global average
background (10 mg kg™") and the maximum allowable limit
for agricultural soils (20 mg kg™') recommended by the US

@ Springer


http://orcid.org/0000-0002-0126-5954
http://orcid.org/0009-0001-3379-1211
http://orcid.org/0000-0003-1022-2689
http://orcid.org/0000-0002-8666-5518
http://orcid.org/0000-0003-3620-0875
http://orcid.org/0000-0002-3437-4639
http://orcid.org/0000-0002-4387-3886
http://orcid.org/0000-0002-6793-6159
http://crossmark.crossref.org/dialog/?doi=10.1007/s12403-024-00655-3&domain=pdf

202

H.Guan et al.

Environmental Protection Agency (Kabir et al. 2016; Rosas-
Castor et al. 2014a). The main pathway of As exposure in
humans (>90%) is the dietary consumption of contaminated
foodstuffts and drinking water, making As poisoning a global
health issue that affects tens of millions of people worldwide
(Anjum et al. 2017). Studying As in agricultural crops is
thus crucial to assess the risks to humans.

Understanding As speciation is essential because it deter-
mines the bioavailability, mobility, and toxicity of As and
thus the health consequences for soils, plants, and humans
(Rosas-Castor et al. 2014a). Arsenic occurs in a variety of
different inorganic and organic species. Arsenate (As") and
arsenite (As'"") are the two most predominant inorganic
As species (inAs) in soil and aquatic environments (Bow-
ell 1994; Moreno-Jiménez et al. 2012; Sadee et al. 2023).
They can be methylated by soil microbes to organic As spe-
cies (orgAs), e.g., methylarsonic acid (MMAY), dimethyl-
arsinic acid (DMAV), and trimethylarsine oxide (TMAO).
These non-thiolated and pentavalent orgAs are about 10 to
60 times less toxic than in As (Sadee et al. 2023; Thiruna-
vukkarasu et al. 2002). Redox transformation and cycling
among different As species characterize its toxicity (Borch
et al. 2010; Wagner et al. 2020). In general, the toxic-
ity of As compounds decreases as follows: inAs > DMAY,
MMAY > TMAO (Khairul et al. 2017). InAs species are the
most abundant species in maize roots, stems, and leaves
(Ruiz-Chancho et al. 2008; Yu et al. 2009), whereas orgAs
represent only small amounts (< 1%) (Rosas-Castor et al.
2014a; Yu et al. 2009). However, in one study growing
maize hydroponically, orgAs was the major As species iden-
tified in grains, accounting for 61% of the total As concentra-
tion (totAs) (Ci et al. 2012).

Since arsenate and phosphate are chemical analogues,
As" enters plants through phosphate channels in their roots.
If phosphorus (P) is increased in system, plant uptake of As"
would be decreased due to their competitive absorption (Wu
et al. 2022). Plants have evolved to produce both antioxidant
enzymes (e.g., catalase and peroxidase) and non-enzymatic
antioxidants (e.g., glutathione (GSH) and proline) (Sharma
and Dietz 2009), which act as the first defense line against
the radicals generated during As oxidative stress (Guevara-
Garcia et al. 2017; Mittler 2002). Irrespective of whether
the plants are exposed to As" or As'™, As'™! predominates in
the plant, showing an efficient reduction of As" in the plant
cells (Mishra et al. 2017). As™ has a high affinity for the
sulthydryl groups (-SH) of thiol-rich peptides such as phy-
tochelatins (PCs) and GSH and can form metal(loid)-GSH
and metal(loid)-PCs complexes, which are sequestered in
vacuoles to protect cellular components against As expo-
sure (Garbinski et al. 2019; Schmoger et al. 2000). Because
of their storage in vacuoles, these complexes in plant roots
reduce As mobility for efflux and long-distance transport
(Liu et al. 2010). Therefore, the translocation efficiency of
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inAs can be affected by the presence of chelating agents such
as GSH and PCs in plant roots and stems (Rosas-Castor et al.
2014a; Srivastava et al. 2016; Yadav 2010).

Metal partitioning in the soil-plant system is usually
assessed by different factors such as the bioconcentration
factor (BCF) and the bioaccumulation coefficient (BAC).
In the context of this study, BCF represents the As concen-
tration in roots relative to that in soils. The BAC describes
the ratio of As concentration in the aerial parts of plants
to that in soils. The translocation factor (TF) describes As
translocation in plants, i.e., As concentration in the aerial
tissues compared to that in the roots. Tolerant plant spe-
cies tend to restrict As transfers from soils to root and from
root to stem, resulting in significantly less As accumulation
in plants (Finnegan and Chen 2012), whereas hyperaccu-
mulators actively take up and translocate metals into the
aerial tissues (Yoon et al. 2006). Maize is generally classi-
fied as a tolerant plant to heavy metals (BAC < 1) and is an
As excluder with a low capacity to translocate metal(loid)s
(TF< 1) (Abbas and Abdelhafez 2013; Armienta et al. 2020;
Fellet et al. 2007; Rosas-Castor et al. 2014a). However, As
can also accumulate in maize roots once taken up (CI et al.
2012; Yang et al. 2021; Zhao et al. 2018). Similar As con-
centrations are usually observed in maize stems and leaves at
around 0.2—5.7% of the As concentration in soils, while in a
few cases higher As concentrations are detected in the stems
(up to 23% of soil As concentration). The translocation of
As to grains is usually low and As concentrations in maize
grains range from 0.04 to 5% of the As levels in soils (Cao
et al. 2019; Neidhardt et al. 2012; Rosas-Castor et al. 2014a).

Soil sterilization can affect plant growth for both biotic
and abiotic reasons in the presence of heavy metals in the
soil. The primary consequence of soil sterilization is the
elimination of soil indigenous microbes and a reduction of
the number of viable microbial cells by two to three orders
of magnitude (Blankinship et al. 2014; Li et al. 2023). None-
theless, after soil sterilization, microbes can rapidly recolo-
nize and build a new microbial community with a lower
diversity, which takes up the released nutrients and organic
acids (Huang et al. 2012; Mahmood et al. 2014; Marschner
and Rumberger 2004; Yan et al. 2020). Soil microbes can
help to mitigate the toxic effects of As in soils (Afroz et al.
2019; Cavalca et al. 2019; Hasanuzzaman op. 2018; Li et al.
2009; Li et al. 2018; Pandey et al. 2018; Turpeinen et al.
2002) by influencing the reduction, oxidation, and methyla-
tion reactions that leads to the formation of different As spe-
cies (Jia et al. 2013). Soil microbes can potentially promote
As removal from contaminated soils through bioleaching as
they possess respiratory arsenate-reductase that reduces As"
to more mobile As™ (Roychowdhury et al. 2018).

Soil sterilization can have abiotic effects such as modify-
ing the soil physicochemical properties by altering soil struc-
tures, e.g., by reducing the proportion of fine and medium
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sand in soils (Li et al. 2023). Soil sterilization also acceler-
ates the decomposition of soil organic matter and releases
cellular compounds of soil microbes, which increases the
organic carbon content and promotes plant growth (Berns
et al. 2008; Boyd 1971; Dietrich et al. 2020; Schaller et al.
2011). It can decrease soil pH due to the release of organic
acids (Guan et al. 2023; Razavi and Lakzian 2007; Skipper
and Westermann 1973) and cause nutrient releases such as
P (Hu et al. 2020; Strawn 2018). Soil sterilization can also
mobilize As by altering its sorption behavior on soils, as
phosphate competition on sorption sites increases (Dao et al.
1982; Razavi and Lakzian 2007).

To date, the translocation of As speciation from soils is
less well studied in maize plants than in other crops such as
rice. We also know little about the effects of soil indigenous
microbes and their interaction with plants on the uptake,
translocation, and speciation of As in plants. To disentan-
gle the biotic and abiotic effects of soil sterilization, an
additional treatment was performed that we reconditioned
soils with indigenous microbes after sterilization, so that
the role of soil indigenous microbes in As translocation and
speciation in plants can be better elucidated. In this experi-
ment, three soil treatments with varying disturbance of the
soil microbes (native soil, soil sterilized before the experi-
ment, and sterilized soil reconditioned with soil indigenous
microbes) were intersected with three levels of As in soils
(0, 100, and 200 mg kg~! spiked As, aged for 8 weeks). The
abiotic sterilization effect, including pH decrease and nutri-
ent increase, etc., was the overall effect of abiotic factors on
As, exclusive of the biotic effects of the soil microbes.

In our previous study (Guan et al. 2023), the same experi-
ment was reported with a focus on the interaction effects of
soil treatment (sterilization + microbial conditioning), maize
plants, and As treatment on the concentration and speciation
of As in the soil water. Both the abiotic sterilization effect
and the microbial disturbance effects were found to increase
As release into soil water (Guan et al. 2023). The microbial
disturbance effect was more pronounced for orgAs, show-
ing the influence of soil microbes involved in As (de-)meth-
ylation. The abiotic sterilization effect was more evident
in unplanted pots and the microbial disturbance effect was
observed only in unplanted pots, suggesting that both effects
were mitigated by the presence of maize. Since As uptake in
crops is of high relevance for human As exposure, the inter-
actions between soil treatment and As treatment are further
investigated on the bioavailability and speciation of As in
maize plants. In current study, we aim to further investigate
to answer the following research questions: (1) What are the
differences in the translocation and accumulation of As spe-
cies in maize tissues at different soil As concentrations (As
treatment)? (2) How does the microbial disturbance effect
and (3) the abiotic sterilization effect influence the transloca-
tion and accumulation of As species in maize tissues?

Materials and Methods
Greenhouse Pot Experiment

The soil for the experiment (silty loam, pH=7.0+0.1,
organic carbon content=21.9+0.1 g kg~!; Table S1)
was taken from the uppermost 20 cm of an agricultural
site in Frauenkappelen, Switzerland, by a soil recycling
company (Kistli Bau AG). The soil pile was then stored
outside the greenhouse (Ostermundigen, Switzerland) of
the Institute of Plant Sciences at the University of Bern.
For this greenhouse pot experiment, approximately 800 kg
of soil was sampled from different spots of the pile to
ensure homogeneity and sieved to 1 cm. This experiment
comprised nine experimental groups: three soil treatments
(native soil (NS), reconditioned soil (RS) and disturbed
soil (DS)) X three As treatments (As,, As;o, and As,,
addition of 0, 100 and 200 mg As kg~ soil), with ten rep-
licates in each group (Fig. 1). The soils in the As, group
were without As addition and had a natural As concentra-
tion of 2.91 +0.54 mg kg~! and are considered uncon-
taminated soils. For As;, and As,, groups, around 400 kg
of soils were evenly spiked with the solution of sodium
arsenate salt (Na,HAsO,-7H,0, > 98.0%; Sigma-Aldrich®,
CH) to enrich an additional 100 and 200 mg kg~' As in
soils. After the arsenate solution was applied to the soil
4 times in a stepwise process, all soils were thoroughly
turned over with a shovel to ensure thorough mixing (more
details in SI). The success of the homogenization of the
treatments was confirmed by a standard deviation between
3.5-5 mg kg~! between the pots in the respective treat-
ments (0-200 mg As kg_l) (Guan et al. 2023). The soils
were incubated for two months at room temperature and
50% of the water holding capacity (WHC), allowing for
As equilibration between soil water and soil phases (Song
et al. 2006).

The soils in the three As treatments were then subdi-
vided into three subgroups for the three soil treatments
(NS, RS, and DS). The first subgroup was kept untreated
and named as native soil (NS). The second and third sub-
groups were sterilized by X-ray (25 kGy minimum to
60 kGy maximum at Synergy Health Dianiken AG, CH).
After soil sterilization, the second subgroup was recon-
ditioned with microbial extracts from NS and designated
as reconditioned soil (RS). The third subgroup was steri-
lized soil without microbial reconditioning, referred to as
disturbed soils (DS). Due to the presence of microbes in
the greenhouse and potential recolonization, DS was not
assumed to be free of microbes but to have a disturbed
microbial composition. The microbial extracts for the
RS treatment were obtained by entirely mixing 70 kg of
native soils with 70 L of Milli-Q water (> 18.2 MQecm
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Fig. 1 Overview of the experi-
mental design
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at 25 °C) in a pre-sterilized concrete mixer (pre-sterilized
with ethanol and a gas burner; Figure S1). The extracts
were left to stand for 2 h to let large soil particles settle
and then filtered through a 250 pm stainless sieve and
25 pm filter papers (Whatman®, CH). Lastly, 800 mL of
the soil microbial extracts was added sequentially to RS
(Hu et al. 2018). The microbial extracts still contained
nematodes, arbuscular mycorrhizal spores, and suspended
microbes after the filtration (Hu et al. 2018). The soils
with microbial extracts were left to stand for 1 h. The
detailed characterizations of soil parameters can be found
in Table S1.

The sterilization effect was the same in DS and RS,
while the microbial disturbance was partly eliminated in
the RS treatment due to the reconditioning with micro-
bial extracts. Therefore, it is assumed that the difference
between RS and DS showed the microbial disturbance
effect, and the difference between NS and RS reflected
the abiotic sterilization effect. All soils were adequately
homogenized, and each pot (7 L) was filled with 6.5 kg
of soils to reach the same height to ensure a uniform bulk
density of soils. In the end, 90 pots with maize plants
were cultivated from April to September 2019 in a green-
house, allowing for microbes to recolonize sterilized and
reconditioned soils. This led to heavily disturbed soil
microbes in the sterilized soil (DS) and to less disturbed
soil microbes in the reconditioned soil (RS). More infor-
mation on the sampling and analysis of soil water can be
found in our previous study (Guan et al. 2023).
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Maize Cultivation

Maize seeds (Zea mays L., W22 genotype) were soaked
for 6 min in a commercial bleach containing 5% active
hypochlorite (Potz Javel-Wasser Natur, Migros, CH) fol-
lowed by 6 washes and 8h soak in autoclaved Milli-Q water
(> 18.2 MQecm at 25 °C). One week after soil sterilization,
maize seeds were placed overnight in plastic Petri plates
(Petri dish 94 X 16 mm, without vents, sterile, Greiner Bio-
One, CH) before sowing with moist filter papers (Rundfil-
ter Sorte 1 Whatman®, 90 mm, Huberlab, CH). Each pot
was initially sown with three pre-sterilized maize kernels
and only the best performing seedling per pot was kept for
further growth. To minimize the difference in growth con-
ditions among treatments, all pots were randomly placed
in the greenhouse. In the beginning, maize was watered
weekly by weighing pots and adjusting the WHC to 60%.
From the third month of growth, maize was watered more
frequently. The weekly fertilization of maize plants started
with 100 mL of 2 g L' complex fertilizer (Plantaktiv
Starter 151, Hauert®) supplemented with a 0.25 g of low
iron supplement (Sequestrene Rapid, Maag®), increasing
to 200 mL complex fertilizer with a 0.5 g of high iron sup-
plement after one month. The complex fertilizer mainly
contained 52% phosphate (P,05), 10% total nitrogen (8.4%
NH;-N and 1.4% NO5-N), and 10% potassium oxide (K,0).
Maize plants were cultivated in the greenhouse with 14 h
of light each day and the temperature of 18—26 °C during
the day and 16—24 °C at night. The greenhouse cabin was
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heated in case of temperatures below 18 °C during the day
and below 16 °C at night. The cooling system automatically
turned on if the temperature exceeded 26 °C. The ventila-
tion system turned on once the temperature was over 22 °C
in the daytime or over 20 °C at night. The humidity ranged
from 30 to 60%. After a half-year of growth, maize plants
were harvested individually as roots, stems, leaves, and cobs.
The root samples were carefully dug out from the soils and
washed with Milli-Q water. Grains were peeled from cobs
and all maize materials were oven-dried at 70 °C and then
weighted for their dry biomass. Afterward, the maize tissues
were ground to powder in the Retsch MM400 Mixer Mill
(Fisherbrand™, Waltham, MA).

Additionally, a side experiment was conducted to estimate
the fresh biomass of maize during growth while maintain-
ing the same WHC in soils by controlling the weight of all
pots. In this experiment, 60 maize plants were grown for
five months and three of them were harvested weekly to
determine their fresh biomass. Maize images were simul-
taneously recorded to derive the green pixels area of their
leaves. Therefore, a linear model could be built between the
calculated biomass and the leaf area to estimate the maize’s
actual fresh biomass (Figure S2) (Neumann et al. 2015; Val-
asek and Thomasson 2016). The estimated fresh biomass
was then applied to calculate the amount of irrigation water
and correct pot weight to retain 50% of WHC.

Analysis of As Concentration and Speciation

0.25 g of milled maize tissue powder (roots, stems, leaves
and grains) was mixed with 4 mL of 65% (w/w) nitric acid
(HNOj;; LC-MS grade, VWR®, FR) and 2 mL of 30% (w/w)
peroxide (Suprapur H,O,; Sigma-Aldrich®, CH), left for at
least 30 min at room temperature before conducting an open-
vessel microwave digestion (95 °C for 30 min; Microwave
Digestion System MARS™ 6; CEM GmbH, Kamp-Lintfort,
DE) (Norton et al. 2013). After digestion, the solutions were
diluted to 50 mL with Milli-Q water and stored at 4 °C and
centrifuged at 2500 rpm for 5 min (Multifuge™ X1 Cen-
trifuge Series, Thermo Scientific™, Reinach, CH) before
transferring into 15 mL centrifuge tubes for the multielement
analysis by inductively coupled plasma mass spectrometer
(ICP-MS; 7700 x Agilent Technologies, Santa Clara, CA).
The multielement analysis included As (noted totAs in the
manuscript) and P, B, Al, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Se,
Rb, Ag, Cd, Cs, Ba, Ti, Pb, U as well as Rh and In used as
online Internal Standards. Triplicates of certified reference
material (CRM) and blank samples were digested and meas-
ured together with the maize samples. The CRM ERM®-
CD281 Rye grass and the Standard Reference Material®
1573a Tomato leaves were analyzed (certified As concentra-
tions of 0.042+0.01 mg kg~! and 0.112 +0.004 mg kg™",

respectively). The As recovery was 82 + 13% (n=20) for rye
grass and 124 + 15% for tomato leaves (n=23) (Table S2).

For As speciation analysis, 0.2 g of ground maize tissues
was mixed with 4.8 mL of 1% (w/w) nitric acid (HNOjs;
LC-MS grade, VWR®, FR) and 0.2 mL of 30% (w/w)
Suprapur H,0, (Sigma-Aldrich®, CH), left for at least
30 min at room temperature before conducting the open-
vessel microwave digestion as described above (Norton
et al. 2013). After extraction, samples were centrifuged at
2500 rpm for 5 min, filtered with a 0.22 pm hydrophilic
polytetrafluoroethylene filter (13 mm syringe filter, BGB®,
CH), diluted if needed, and stored at 4 °C (less than one
week) before the analysis with high-performance liquid
chromatography (HPLC; 1260 Infinity, Agilent Technolo-
gies, Santa Clara, CA) coupled to ICP-MS (HPLC-ICP-MS).
The separation of As species was achieved using a Hamil-
ton PRP-X100 anion-exchange column (4.1 X 50 mm, 5 pm).
The column recovery was 96+ 17% (n=153). The operat-
ing parameters for HPLC were adopted from the literature
(Jackson 2015) and listed in Table S3. Due to the addition of
H,0, and HNOj, all trivalent or potential thiolated As spe-
cies were oxidized and the determined As species were all
pentavalent. They included As" as inAs as well as MMAY,
DMAY, and TMAO as orgAs. The identification of TMAO
was confirmed by cation-exchange HPLC-ICP-MS (Figure
S3). Triplicates of CRMs and blank were extracted together
with the maize samples. The CRM ERM®-BC211 rice was
utilized, and the recoveries were 101 + 17% for inAs (n=26)
and 108 +9% for DMA" (n=26) (Table S2).

Statistical Analysis

In this study, all data were processed on a dry weight basis
and their statistical analysis was performed with the R soft-
ware (version 1.2.5033) including the following packages:
car, multcomp, emmeans, and vegan. The concentrations
of totAs and total dry biomass (Table S4) were Logl0-
transformed and square-root transformed, respectively, to
improve normality when using linear mixed models. Experi-
mental factors, namely soil treatment (three levels: NS, DS,
and RS), As treatment (three levels: As;, Asgp, and As,),
tissue types (four levels: roots, stems, leaves, and grains),
and their cross-factor interactions, were analyzed for their
significance on the concentration of totAs and individual As
species in maize (Table S5). For multiple As species (mul-
tiple dependent variables), multivariate analysis of variance
(MANOVA) was applied to the comparison of multivari-
ate sample means in maize tissues, studying the interaction
effects and individual effects of the four experimental factors
on individual As species in maize (Table S6).

Moreover, the estimated marginal means (in the emmeans
package), which were derived to make model predic-
tions, were calculated during the post hoc analysis. These
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predictions are typically averaged with equal weights across
one or more predictors. Such marginally averaged predic-
tions are helpful in describing the results of fitting a model,
particularly when presenting factor effects. The original
emmeans data are listed as supplementary documents
(Tables S4, S8 and S10-S13). The compact letter display
(CLD:; in the multcomp package) was used to visually report
the significance of pairwise comparisons. Groups with the
same CLD letters do not differ significantly, whereas groups
that significantly differ have different CLD letters. The con-
ventional (Pearson) correlation was applied to determine
the correlations between the individual As species (inAs,
MMAY, DMAY, and TMAO) in soil water and in maize
tissues.

Results
Arsenic Translocation and Accumulation in Maize

We first analyzed total As (totAs; Table S4) in maize tis-
sues to understand the distribution and translocation of As
in maize. In most cases, we found a significant interaction
among the three experimental factors (soil treatment, As
treatment, and tissue types, Table S5). The interactions sug-
gested that the effect of soil treatment on totAs concentration
depended on the levels of As treatment and tissue types and

vice versa. The concentration of totAs in the entire maize
was significantly increased by soil treatment (F, ¢ =12.157,
p<0.001) and the As treatment (F, 4c=226.431, p<0.001)
(Fig. 2 and Table S5). The concentration of totAs in maize
tissues was significantly affected by the interactions among
soil treatment, As treatment and tissue types (F7.105= 2.7217,
p=0.010; Table S5). Significant interactions were also
found between soil treatment and tissue types (F; 195=3.545,
p=0.002) and between As treatment and tissue types
(Fs,195=20.974, p<0.001). The concentrations of totAs
were higher in some maize tissues grown in RS than in NS,
i.e., in stems of the As;, and As,, groups and in leaves of the
As,o group (Fig. 3). This showed the abiotic sterilization
effect (difference NS-RS). In contaminated soils (As;q, and
As,, groups), totAs concentration in the plants decreased
in the order roots > stems > leaves > grains, while in uncon-
taminated soils (As, group), totAs had a higher concentra-
tion in the leaves than in the stems in all three soil treatments
(Fig. 3).

The relative translocation of As in leaves and grains, i.e.,
the As concentration in leaves and grains relative to that in
soils, was highest in the As, group, showing as the values
of BAC and BCF (Table S7). The BAC values decreased
as follows: leaves > stems > grains in the As, group,
stems > leaves > grains in the As, group, and stems > leaves
~ grains in the As,, group (“>" indicates significance at
a=0.05). The higher the As levels in soils, the relatively less

Soll E Native (NS) E Reconditioned (RS) - Disturbed (DS)

Log10 Total arsenic concentrations in maize (ng kg ™)
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Fig.2 Total As concentrations (totAs) in the entire maize. Data were emmeans + standard error. Pairwise comparisons were explored and
reported using CLD letters. Different letters in each figure indicated a statistically significant difference between emmeans (p <0.05)
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Fig.3 Total As concentrations (totAs) in maize tissues. Data were
emmeans + standard error. Pairwise comparisons were explored and
reported using CLD letters. Different letters in each figure indicated a

As was translocated into maize leaves. BCF, was one order
of magnitude greater than BAC,.,,. Arsenic relative trans-
location in the stems was considerably higher in the As,,
group than in the As, and As,, groups, and the highest As
accumulation in the stems reached 31% of the As levels in
roots (TF=0.31 in DS of the As,, group). BAC,,; was in
the same range as BAC,,,, while BAC,;, was one order of
magnitude lower. Upon comparison of the three soil treat-
ments, the relative As translocation to leaves and stems was

statistically significant difference between emmeans (p <0.05). Miss-
ing data in grains were due to the inability of maize to bear grains
under high As stress and the absence of grains in cobs

always lower in NS (lower BAC values) than in RS and DS,
regardless of the As levels in soils.

Arsenic Speciation in Maize Tissues

The inAs and three orgAs (MMAY, DMAY and TMAO) were
detected in all four maize tissues (roots, stems, leaves, and
grains; Figs. 4-6). These three organic species were signifi-
cantly affected by soil treatment, As treatment, and tissue
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Fig.4 The concentrations of inorganic As species (inAs) in maize
tissues. Data were emmeans+standard error. Pairwise compari-
sons were explored and reported using CLD letters. Different let-

types, as well as their interactions (p < 0.001; Table S5). The
microbial disturbance effect (difference RS-DS) increased
inAs concentrations in the maize stems grown in DS com-
pared to RS in the As,, group (Fig. 4). Due to the abiotic
sterilization effect (difference NS-RS), higher inAs levels
were detected in the tissues of maize grown in RS than in
NS: in the stems of the As,, group, in the leaves of the
Asy and As, groups, and in the grains of the As, group
(Fig. 4). Overall, inAs concentrations in different maize
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ters indicated a statistically significant difference between emmeans
(p<0.05). Missing data in grains were due to the inability of maize
to bear grains under high As stress and the absence of grains in cobs

tissues followed the same orders as the totAs concentrations
shown above.

OrgAs was the sum concentrations of MMAY, DMAY,
and TMAO (Table S10). The orgAs levels in maize tissues
were significantly affected by soil treatment (F, o5 =36.833,
p <0.001). The microbial disturbance effect increased orgAs
levels in the stems of maize grown in DS compared to in
RS at 200 mg kg~! (Fig. 5a). The abiotic sterilization effect
enhanced orgAs levels in the maize grown in RS, observed
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in the stems and leaves of the As,, group (Fig. 5a). Among
the three uncontaminated soils (As, group), orgAs levels in
maize tissues showed no significant difference. In contami-
nated soils (As, g, and As,,, groups), orgAs levels in maize
tissues, except grains, increased with increasing soil micro-
bial disturbance (NS <RS <DS; Fig. 5a). This trend was
more pronounced at higher soil As concentrations, except
for grain As, where no difference existed. Moreover, orgAs
concentration in maize tissues was affected by tissue types
(F3,195=310.927, p<0.001), decreasing from roots > leave
s> stems > grains. For the individual orgAs, the microbial
disturbance effect was only identified for MMAY in the stems
of the As,, group with higher concentrations in DS than
in RS (Figure S4). The abiotic sterilization effect caused
higher concentrations in RS than in NS for all three orgAs
in the leaves of the As,, group and for TMAO in the stems
of the As,, group.

As soil microbial disturbance increased, orgAs% in maize
roots increased (Figs. 6a, b or Figs. 6¢, d; Table S10). The
orgAs% was exceedingly low in maize roots in the As,,
group (Fig. 6¢). However, in uncontaminated soils, orgAs%
in maize leaves decreased with increasing soil microbial
disturbance (Figs. 6e, f). Furthermore, in both roots and
leaves, orgAs% decreased sharply because of the increasing
soil inAs levels. The orgAs% showed an ascending trend of
roots < stems < leaves < grains (Fig. 5b). We discovered the
highest orgAs% in maize grains with 4.3 +0.9% (Table S13).
In maize roots, DMA" % were generally higher than that of
MMAY and TMAO. Conversely, TMAO was the primary
As species in maize stems and leaves (Fig. 6), although its
content was the lowest in grains.

The link Between As in Soil Water and Maize

The concentrations of totAs in soil water can be found in
our previous paper (Guan et al. 2023). TotAs in soil water
was strongly positively correlated with totAs concentrations
in roots (r=0.94, p <0.001), stems (r=0.97, p<0.001),
and leaves (r=0.91, p<0.001), but not in grains (r=0.48,
p>0.05). There were also strong positive correlations
between inAs in soil water and inAs in roots (r=0.94,
p<0.001), leaves (r=0.93, p <0.001), and stems (»r=0.82,
p <0.001), but not in grains (r=0.59, p>0.05; Figure S5).
TMAQO concentration in soil water was positively correlated
with that in the leaves (r=0.56, p=0.0007; Figure S6),
which was not the case for MMAY and DMAY.

Dry Biomass and Its Correlation with As Species
in Maize

The dry biomass in both the entire maize and maize tis-
sues was significantly influenced by soil treatment, As treat-
ment, and their interaction effects (p <0.001; Table S5). The

microbial disturbance effect (difference RS-DS) was not
observed, while the abiotic sterilization effect (difference
NS-RS) significantly reduced the total dry biomass of maize
in the As,, and As,, groups (Fig. 7a and Table S8). Maize
in uncontaminated soils could buffer the abiotic steriliza-
tion effect and showed no changes in the total dry biomass
between unsterilized and sterilized soils. At a soil As level
of 100 mg kg~!, the total dry biomass of maize grown in
NS was at the same level as those in uncontaminated soils.
Specifically, the dry biomass of maize grown in RS was,
however, reduced by the abiotic sterilization effect in stems,
leaves, and cobs of the As;,, group and only in stems of
the As,, group (Fig. 7b). In comparison with the other tis-
sues, stem biomass was the most reduced by As. The stem
biomass of maize in RS and DS decreased sharply due to
the abiotic sterilization effect, which was more evident at
elevated As levels in soils.

Phosphorus Deficiency in Reconditioned
and Disturbed Soils

Only the DS and RS were P deficient, with values below the
minimum level of P in the dry stem required for adequate
plant growth (Kirkby 2012) (Fig. 8). Their P concentrations
in the stems were significantly lower than those of NS maize.
In all three soil treatments, manganese (Mn) levels in maize
stems were below the concentrations required for their ade-
quate growth (50 mg kg~!) (Kirkby 2012). The deficiency in
Mn was also found to be greater in DS and RS maize than in
NS maize, but only in the highest As group (200 mg kg™
(Figure S7).

Discussion

Differential As Translocation and Accumulation
in Maize at Different Soil As Concentrations

In the present study, As was accumulated mostly in the
maize roots. The BCF of the root was an order of magnitude
higher than the BAC of the stem, demonstrating significant
As uptake by the root. A prior study also found that the
BCEF of root (2.0) was four orders of magnitude higher than
the TF of the stem (0.005) (Gulz et al. 2005). In the As,,
group, maize stems had higher BAC and TF values than
leaves and grains, showing that the translocation of inAs to
leaves and grains was restricted, probably due to an increase
in chelating agents and antioxidants in maize roots and stems
(Arora and Jha 2019; Yadav 2010). Arsenic translocation
to the stem was greater in this work compared to previous
studies, which reported lower BAC and TF values in the
stem at comparable soil As concentrations (Drli¢kova et al.
2013; Gulz et al. 2005). In the study of (Gulz et al. 2005),
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«Fig.5 The a sum concentrations of organic As species (orgAs) and b
orgAs% in maize tissues. Data were emmeans + standard error. Pair-
wise comparisons were explored and reported using CLD letters. Dif-
ferent letters in each figure indicated a statistically significant differ-
ence between emmeans (p <0.05). Missing data in grains were due
to the inability of maize to bear grains under high As stress and the
absence of grains in cobs

although the available As in soil water (4.70 mg kg™!) was
higher than in our study (2.16 mg kg~!) as well as the BCF
of root (2.0) was higher than ours (0.3, As,, group), the TF
of stem (0.005) was significantly lower than ours (0.191,
As, group). Accordingly, our maize plants translocated
As more efficiently from roots to stems, accounting for the
greatest decrease in stem dry biomass than the other tissues.

Compared to maize plants in the As;,, group, As trans-
location from leaves into grains tended to be lower in the
As,y group, resulting in less relative As accumulation in
grains. These findings agree well with the literature (Batista
et al. 2014; Mallick et al. 2011; Rosas-Castor et al. 2014a).
Maize plants can accumulate high levels of As in their roots
and have a very slow acropetal transport of As from their
roots to stems (Gulz et al. 2005; Requejo and Tena 2006).
Maize produces peptides in roots that combine with inAs
to sequester As and reduce As mobility (Liu et al. 2010),
which is considered as a tolerance mechanism for plants in
As-stressed environments (Caporale et al. 2013). The trans-
location efficiency of As can be lowered at high concentra-
tion of soluble As in soils (Rosas-Castor et al. 2014a). As the
concentration of soluble As in soils rises, the translocation
efficiency of As from maize roots to leaves decreases, as
evidenced by their declining translocation values (Mallick
et al. 2011). In soils with high As levels, maize plants prob-
ably produce higher amounts of chelating agents in roots
and stems to more efficiently prevent As translocation and
the resulting toxic effects (Batista et al. 2014; Mallick et al.
2011; Rosas-Castor et al. 2014a).

When comparing between our As,, and As,, plants,
totAs in their leaves did not significantly increase with
increasing As levels in soils. OrgAs in grains also did not
change between As, and As,q, plants, while orgAs% in
grains even decreased in the NS group. The total dry bio-
mass of the maize plants in the As,,, group decreased drasti-
cally, especially in the DS and RS plants, which died before
the harvest time and stopped growing when they were small
and could rarely bear grains. The As, plants, on the other
hand, were still able to grow and bear grains. This indicates
that the tolerance mechanism of maize plants worked well
at as levels up to 100 mg kg~ in soils, but at As levels of
200 mg kg~! or more, this exceeds their defense capability.

Lower orgAs% was found in our maize grown in the con-
taminated soils compared to uncontaminated soils. Since
higher plants lack the ability to methylate As (Jia et al.
2013; Zheng et al. 2013), orgAs in plants originate from

As methylation by soil microbes and following uptake by
plants from soil water (Lomax et al. 2012). The reduction
in orgAs% in our maize on contaminated soils is due to the
high input of inAs into the soils upon As addition into the
soils and thus to a dilution effect. When comparing between
unsterilized and sterilized soils, orgAs% increased in the
roots grown in sterilized soils. Our earlier study demon-
strated that both microbial and abiotic sterilization effects
mobilized orgAs into the soil water, which is then taken up
by plants (Guan et al. 2023). On the one hand, the abiotic
immobilization of As by sorption to soils is reversible, and
the remobilization of adsorbed orgAs may occur if soil phys-
icochemical conditions are changed by sterilization (Wang
and Mulligan 2006); on the other hand, the microorgan-
isms killed by sterilization might release orgAs to the soil
solution. Soil sterilization may have furthermore inhibited
enzymatic and microbial activities that are important for the
immobilization and demethylation of orgAs in soils, thereby
increasing the orgAs levels in soil water (Guan et al. 2023).
These findings agree well with the findings from Kumpiene
et al. (2007) who reported that As mobility is negatively
correlated with microbial activity. Thus, the increased the
orgAs concentration in the soil solution might have caused
increased orgAs in plants, because of increased orgAs avail-
ability after sterilization.

For maize leaves, however, the situation was differ-
ent depending on whether the soils were contaminated. In
uncontaminated soils, orgAs% in maize leaves was lower in
sterilized soils than in unsterilized soils, while it was higher
when the sterilized soils were contaminated. This was prob-
ably because inAs translocation into the leaves of maize
grown in contaminated soils was hindered by the As tol-
erance mechanisms mentioned above. When contaminated
soils were sterilized, a higher percentage of orgAs was mobi-
lized into soil water and taken up by maize plants, being
efficiently translocated into maize leaves. On the other hand,
soil microbes can also demethylate As (Lehr et al. 2003;
Yoshinaga et al. 2011) and the As-demethylating microbes
might have been eliminated by soil sterilization, which pre-
vented the conversion of orgAs into inAs, resulting in higher
levels of orgAs in the sterilized soil water.

In the current study, orgAs showed the same distribution
among maize tissues in both uncontaminated and contami-
nated soils (roots > leaves > stems > grains). This is prob-
ably because orgAs are directly transported through plant
stems and form fewer complexes than inAs (Carey et al.
2011). In our study, orgAs% increased from 2.8% in roots
to 35.6% in leaves in NS, again, due to their rapid translo-
cation compared to the less efficient translocation of inAs
(Awasthi et al. 2017; Carey et al. 2011; Raab et al. 2005;
Ye et al. 2010; Zhao et al. 2013). As MMA"-PC com-
plexes have been detected in sun flower (Raab et al. 2005)
and rice root vacuoles (Kerl et al. 2019), this might also
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Fig.6 The changes in As spe-
cies in maize tissues with the
increasing soil As levels (from
the As, group to the As,y, a
group) and the increasing soil

microbial disturbance (from NS

to DS), presenting the percent-

ages of inorganic As species

(inAs%) and organic As species
(orgAs%, i.e., MMAY, DMAY,

and TMAO) in a roots in NS of

the As group; b roots in DS of

the As group; ¢ roots in NS of

the As,q, group; d roots in DS c
of the As,, group; e leaves in
NS of the As, group; f leaves in
DS of the As, group; g leaves
in NS of the As,, group; and h
leaves in DS of the As,, group

minAs

e Leaf As,-NS

10.0%
64.4% e ‘\

9 Leaf As,5-NS

explain the lower concentration of MMA" compared to
DMAY in our maize tissues. Pentavalent MMA and DMA
are less likely to be bound to PCs (Mishra et al. 2017)
and only the DMAY-GSH complex has been observed in
Brassicaceae plants with a high sulfur content (Raab et al.
2007). Taken together, orgAs can, on the one hand, pass
directly through the stems and be readily translocated in
maize plants; on the other hand, orgAs complexes appear
less likely to be formed, and some of them are very unsta-
ble. This might have resulted in the same distribution of
orgAs in different tissues of our maize. This is further
confirmed by the correlation found between TMAOQ in soil
water and in leaves. TMAO was the primary As species in
maize leaves (Fig. 5) and its concentration was positively
correlated with that in the soil water (Figure S6).
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Microbial Disturbance Effects on Maize

In our study, the microbial disturbance effect was observed in
the stems, where maize grown in DS had higher concentra-
tions of inAs, orgAs, and MMAY than maize in RS. Contrary
results have been reported, indicating that rice cultivated in
sterilized soils accumulates less As than rice in unsterilized
soils, which is ascribed to the differences in soil bacterial
communities (Huang et al. 2021). Plant growth-promoting
microorganisms (PGPMs) are defined as microbes that can
colonize the root rhizosphere, survive and multiply in the
microhabitats associated with the root surface, and promote
plant growth (Kumar 2016). Certain bacterial taxa such as
PGPMs are found in higher abundance in sterilized soils,
and their relative abundance is negatively correlated with
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Fig.7 The dry biomass a in the entire maize and b in maize tissues
under the soil treatment and As treatment. Pairwise comparisons were
explored and reported using CLD letters. Different letters indicated a

As concentrations in grains (Huang et al. 2021). However,
these differences can be due to the different microbial com-
munities and the generally different growth conditions of
rice compared to maize. Ochieno (2022) reported that soil
sterilization killed some pathogens, but also eliminated
beneficial microbes in soils, such as PGPMs, thus impair-
ing their potential beneficial effects on the host plant. Soil
sterilization alters microbial composition and significantly

statistically significant difference between emmeans (p <0.05). Miss-
ing data in grains were due to the inability of maize to bear grains
under high As stress and the absence of grains in cobs

inhibits microbial activity (Mahmood et al. 2014; Marschner
and Rumberger 2004). The microbial activity is found to be
negatively correlated with As mobility, i.e., As release from
soils would be higher at a low microbial activity (Kumpiene
et al. 2007). Y-sterilization can cause damage to proteins,
disrupting enzyme activity, and halting microbial exoen-
zyme production (Blankinship et al. 2014). Therefore, it is
suspected in our study that the higher relative abundance and
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Fig.8 Total phosphorus (P) concentrations in maize stems. Pairwise comparisons were explored and reported using CLD letters. Different let-
ters indicated a statistically significant difference between emmeans (p <0.05)

different composition of soil indigenous microbes in unsteri-
lized soils might have contributed to lower As accumulation
in maize plants.

Plant-microbe interactions have reciprocal effects on both
partners and play an important role in their adaptation and
survival in stressed environments (Berg 2009). In our experi-
ment, soil sterilization might have also eliminated beneficial
soil microbes such as PGPMs and disrupted their interac-
tions with the host plant, losing their beneficial functions
in promoting maize growth and potential resistance to As
stress. Eliminating soil indigenous microbes through soil
sterilization could disrupt plant-microbe interactions and
negate the beneficial effects of soil microbes that promote
maize health and assist maize to cope with As stress. How-
ever, the reduction in maize dry biomass was not attribut-
able to the microbial disturbance effect, but to the abiotic
sterilization effect.

Abiotic Sterilization Effects on Maize

The abiotic sterilization effects decreased the levels of essen-
tial nutrients in maize; in particular, a deficiency of P and
Mn was observed in maize grown on sterilized soils. We
observed indications for P deficiency in the sterilized soils
(RS and DS) of all three As groups (Fig. 8). In these groups,
the P concentrations in maize stems were below the concen-
trations required for adequate growth (2000 mg kg~ ')(Kirkby
2012). Phosphorus deficiency has a negative impact on plant
growth and health due to either a decrease in photosynthesis
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or an increase in energy investment, which causes various
morphological, physiological, and biochemical adaptations
(Malhotra et al. 2018). Phosphorus deficiencies might have
influenced As translocation and accumulation in maize
plants grown on both uncontaminated and contaminated
soils. At a high As content in soils (200 mg kg~!), Mn defi-
ciency in maize grown in sterilized soils was greater than
in unsterilized soils (Figure S7). This could be ascribed
to a possible complex between amorphous hydroxides of
Mn and As" in plants (Rosas-Castor et al. 2014b). The low
concentration of Mn in soils can raise As concentrations in
plant aerial tissues and increase As transference across the
food chain (Rosas-Castor et al. 2014b). The Mn deficiency
observed in maize in sterilized soils could have contributed
to poor plant health and increased As accumulation in plants,
aggravating the harmful effects of As on plant health.

In the present study, maize dry biomass was unaffected
in uncontaminated soils but significantly reduced in con-
taminated soils. The missing effect on the dry biomass of
maize grown in uncontaminated soils suggested that maize
plants were resilient to P deficiency in the absence of As
stress (Fig. 7). In the presence of As, however, P deficiency
caused by soil sterilization might have significantly reduced
the dry biomass of our maize. Due to similar chemical struc-
tures and shared phosphate transporters of As and P, low P
can result in high As uptake by plants (Cattani et al. 2015;
Long et al. 2021; Wu et al. 2022). Due to the abiotic sterili-
zation effect, higher As accumulation was observed in our
maize cultivated in sterilized soils than in unsterilized soils
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(NS <RS), including totAs and all measured As species.
Therefore, in our maize grown in contaminated soils, the
induced P deficiency by soil sterilization is coupled to a
higher As uptake and the reduction in maize dry biomass.

Compared with other tissues, maize stems were most
affected by As. For maize grown in As-contaminated soil,
the decrease in stem dry biomass was greater for maize
grown in sterilized or reconditioned soils. Crops cultivated
in sterilized soils grow much worse than those in unsterilized
soils, and the dry biomass production of stems in different
crops is significantly depressed at a low P supply, which
is particularly noticeable in sterilized soils (Ortas 2003).
Besides, As translocation to stems in our study was higher
than in previous studies at comparable soil As concentra-
tions, which reported lower values of BAC,,,, and TF
(Drlickova et al. 2013; Gulz et al. 2005). The high As trans-
location into our maize stems might explain the observed
highest reduction in dry biomass of the stems. We observed
that both the microbial disturbance and abiotic sterilization
effects led to increased orgAs levels in the stems as well as
high As translocation into the stems, which might explain
why the dry biomass of stems was more reduced than of the
other tissues.

Environmental Relevance and Implications

The lowest limit set by the European Union (EU) for As
in complete feed and feed materials is 2 mg kg~! (Adamse
et al. 2017). Arsenic levels in the stem and leaves of maize
grown in uncontaminated soils were all below this limit. In
reconditioned and disturbed microbial treatments, As con-
centrations in stems and leaves of maize grown in 100 or
200 mg kg~! soil were consistently higher than 2 mg kg™!,
ranging from 3.2 to 16.4 mg kg™' (Table S11, S12). Arse-
nic levels in maize grown in soils possessing indigenous
microbes were much lower, with levels in stems and leaves
(maize grown in 100 mg kg™!) below the safe limits. Some
countries and authorities, such as China, the World Health
Organization (WHO), and the EU have established limits for
As in human food (0.2 mg kg~ of inAs). The EU advised an
even lower concentration of inAs for infants and young chil-
dren (0.1 mg kg‘l) (WHO 2018). The concentrations of inAs
in our maize grains were lower than the limit for infants and
young children, indicating a low environmental exposure
risk to humans when maize plants were grown in soils con-
taining 100 mg As kg™' soils (data in soils at 200 mg kg™
remain unknown due to the lack of grains).

A range of benchmark-dose lower confidence limits
(BMDL,,) values was identified by European Food Safety
Authority, indicating 0.3 to 8 ug kg™! body weight (bw) per
day as reference points for the assessment of the carcino-
genicity of inAs in humans (EFSA 2009). The inAs data
in our maize grains were used to estimate potential dietary

risks for people with high maize consumption. The obtained
exposure estimate for maize grown at 100 mg kg™! soils
(0.12 ug kg, " per day; Table S13) was below the reference
limit for carcinogenicity. Due to low acropetal transport to
upper tissues and low As levels in grains, maize is thus con-
sidered a suitable crop for As-contaminated farmlands (Cao
et al. 2019), as also demonstrated in our study. In compari-
son with maize as an As excluder (Abbas and Abdelhafez
2013), rice is regarded as an As accumulator (Nath et al.
2014). Therefore, the cultivation of maize plants instead of
rice species in high-As soils is recommended.

Conclusion

In As-contaminated soils, soil microbes and maize plants
limited the uptake and translocation of inAs from soils
into maize upper tissues. The translocation of orgAs was
less inhibited, as it has a higher translocation efficiency in
maize. In our high-As soils, both the microbial disturbance
and abiotic sterilization effects increased As concentra-
tions in maize stems. Interestingly, in the absence of As,
soil sterilization had no effects on the dry biomass. In As-
contaminated soils, the reduction in dry biomass was greater
in maize grown in sterilized than unsterilized soils, which
was probably caused by P and Mn deficiency and higher As
uptake. Further work, including molecular biology investi-
gations to identify key microbes and the study of other soils
with different properties and microbiome, is needed to better
understand the mechanisms by which soil microbes protect
plants from As uptake and its toxic effects.

Associated Content
Supporting Information

Additional information: I Materials and Methods, including
the chemical characterizations of NS and DS (Table S1);
the preparation of microbial extracts (Figure S1) and the
maize biomass estimating model (Figure S2). II Results,
the CRMs data on totAs and As species in maize tissues
(Table S2); the operating parameters of HPLC (Table S3);
the identification of trimethylarsine oxide (TMAO) by
cation-exchange HPLC-ICP-MS (Figure S3); the emmeans
values for totAs concentration and dry biomass in the entire
maize (Table S4); the p values of ANOVA on totAs con-
centration, As species concentrations, and dry biomass in
maize tissues (Table S5); the p values of MANOVA statisti-
cal analysis on As species in maize tissues (Table S6); The
bioconcentration factor (BCF), bioaccumulation coefficient
(BAC), and translocation factor (TF) in maize tissues under
different soil and As treatment (Table S7); the concentra-
tions of individual orgAs (a) MMAY; (b) DMA"; and (c)
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TMAQO in maize tissues (Figure S4); Pearson correlations
of totAs and inAs concentrations in soil water (Figure S5);
Spearman correlation of TMAO concentrations in soil water
and in maize leaves (Figure S6); the concentrations of total
manganese (Mn) in maize stems under soil treatment and
As treatment (Figure S7); the emmeans of dry biomass in
maize tissues (Table S8); Pearson correlation coefficients r
between As species concentrations in the entire maize and
dry biomass (Table S9); and the emmeans of totAs and As
species concentrations in maize roots, stems, leaves and
grains (Table S10-S13).
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