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Abstract: Arsenic (As) is a toxic semi-metallic element that is ubiquitous in the environment and
poses serious human health risks. Phytoextraction by Pteris vittata is considered a low-cost and
environmentally friendly approach to treat As-contaminated soil. P. vittata mainly absorbs arsenate
thus the bioavailability of As to P. vittata depends on the chemical form of As. Microbial redox of
As contributes to the biogeochemical cycling of As, and rhizobacterium-assisted phytoextraction
by P. vittata was proposed. In this study, this microbe-assisted phytoextraction was applied to two
fields, and the effectiveness of phytoextraction was evaluated. The results revealed that P. vittata
was able to grow in temperate and subarctic climate zones. The biomass was influenced by the
weather, and the As concentration in plants was dependent on the As content in the soil. The ratio of
arsenite oxidase genes (aioA-like genes) to 16S rRNA genes was employed to evaluate the effect of
As phytoextraction, and the results exhibited that the ratio was related to the As concentration in
P. vittata. Our results showed that arsenite oxidation in the rhizosphere might not be achieved by
single-strain inoculation, while this study provided empirical evidence that the rhizospheric aioA-like
genes could be an indicator for evaluating the effectiveness of As phytoextraction.

Keywords: arsenic; microbe-assisted phytoextraction; Pteris vittata; aioA-like genes; field trial

1. Introduction

Arsenic (As) is a hazardous semi-metallic element widely distributed in the soil
environment due to natural sources such as weathering and microbial activity [1]. As
is released into the environment anthropogenically as a consequence of using As-based
pesticides or mining and smelting activities, which is thereby causing serious As pollution in
soil and groundwater [2]. Inorganic As is the main form of As in the soil and is categorized
as a group 1 human carcinogen by the International Agency for Research on Cancer
(IARC) [3]. Acute As poisoning can even cause respiratory failure, while chronic exposure to
As can increase the cancer incidence rate and various cardiovascular diseases [4,5]. Human
exposure to As is mainly due to the food chain, including ingestion of As-contaminated
drinking water and food [6]. Among all food categories, rice consumption contributes
the most to the dietary intake of As [7]. Thus, the risk of As is a major concern in Asian
countries that rely on rice as a staple food.

The standard of As is less than 15 mg/kg for farmland and less than 0.01 mg/L for
underground water in Japan [8]. The environmental quality standards are similar world-
wide. However, a significant proportion of areas around the world contain excessive soil
As content and, thus, are recognized as As-contaminated regions. Therefore, remediation
of As-contaminated soil is now a matter of urgency. Although the current approaches, such
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as soil replacement and soil isolation, are considered feasible and efficient [9], the risk of
secondary pollution and high energy requirements by those approaches cannot be ignored.
A cost-efficient and environmentally friendly strategy is preferred to overcome these disad-
vantages of current remediation approaches. Phytoremediation is such a strategy which
is low-cost and appropriate for widespread pollution [10]. Phytoextraction is a common
subprocess of phytoremediation, in which plants remove the contaminant from the soil
by uptake and accumulating it in their tissues [11]. The plants that can accumulate large
quantities of specific elements and facilitate phytoextraction are called hyperaccumula-
tors [12]. In the case of As, Pteris vittata has been reported as the first hyperaccumulator.
P. vittata is a fern species belonging to the Pteridaceae family and is commonly known
as Chinese ladder brake. It can accumulate up to 22,630 mg/kg of As and opens up new
possibilities for As phytoremediation [13]. However, several reports indicated that it might
take decades to use P. vittata to achieve the remediation goals [14,15]. Thus, appropriate
measures and strategies should be considered to speed up the process to improve the
efficiency of As phytoextraction.

It is known that P. vittata prefers absorbing arsenate, As(V), than arsenite, As(III) [16],
while As mobilization and transformation in the soil environment mainly occur through mi-
croorganisms [17]. Some As-oxidizing rhizobacteria that contain the arsenite oxidase gene,
aioA, were isolated and reported to be helpful in As hyperaccumulation by P. vittata [18,19].
Among them, the Pseudomonas vancouverensis strain m318, isolated from the rhizosphere
of another As hyperaccumulator Pteris multifida, was reported for its multifunctional as-
sistance in As phytoextraction such as its IAA-producing, siderophore-producing, and
As(III)-oxidizing abilities. The enhancement of As uptake by P. vittata inoculated with strain
m318 was verified through a long-term field trial, which showed its potential as an effective
agent for microbe-assisted phytoextraction [20]. However, our previous study was mainly
focused on the efficacy of strain m318 in a normal fallow field with moderate As content.
The performance of strain m318 in assisting phytoextraction under high As-contaminated
soil is still unknown. In addition, the effectiveness of microbe-assisted phytoextraction may
readily be affected by other environmental factors, including soil composition and climate
conditions. Hence, a common indicator independent of environmental factors that can
comprehensively evaluate this technology is needed; no such indicator has been available
until now. In this study, strain m318 was applied to P. vittata in two fields with different As
content to test its effectiveness in promoting As uptake. The progress of As phytoextraction
was investigated, and an indicator accounting for microbe-assisted phytoextraction was
determined.

2. Materials and Methods
2.1. Site Location and Field Design

The field trials in this study were conducted during 2019–2020. In each year, the plants
were planted in June and harvested in October. Two sites in the northeast region of Japan
were selected for the co-cultivation experiment. The locations of the experimental fields
and planting design are shown in Figure 1.

The first site, MS, is a fallow field located in Sendai city, Miyagi, Japan (38◦17′23.4′′ N,
140◦46′52.2′′ E), and the total As content was about 8.6 mg/kg. The MS site is in a temperate
zone with an average annual temperature of 13.5 ◦C and mean annual precipitation of
1249.6 mm. This is the same field as our previous studies [18,20]. Another site, MK, is
located in Kesennuma, Miyagi, Japan (38◦48′20.6′′ N 141◦32′04.3′′ E), which is contaminated
with a high As content of about 60 mg/kg. The MK site is in a subarctic zone with an
average annual temperature of 11.4 ◦C and mean annual precipitation of 1348.6 mm.
P. vittata is native in tropical and subtropical regions and not cold-tolerant. Therefore, the
cultivation period was decided from June to October with the average temperature above
15 ◦C. The major elemental composition of the soils is shown in Supplementary Material
Table S1.



Int. J. Environ. Res. Public Health 2022, 19, 1796 3 of 11

Int. J. Environ. Res. Public Health 2022, 19, x  3 of 12 
 

 

15 °C. The major elemental composition of the soils is shown in Supplementary Material 
Table S1. 

 
Figure 1. (a) Location of two sites in this study (b) planting design of P. vittata (c) photo after trans-
planted. 

2.2. Plant and Microbe Materials and Inoculation Experiment 
The plug seedlings of P. vittata with 6–9 fronds used in this study were provided by 

Fujita Co., Ltd. (Tokyo, Japan). For the co-cultivation experiment, Pseudomonas vancou-
verensis strain m318 was inoculated to the rhizosphere of P. vittata. The detailed charac-
teristics of this strain were described in our previous study [18]. The m318 strain stored in 
a −80 °C deep freezer was first pre-cultured in 5 mL of 0.2× Tryptic Soy Broth (TSB) me-
dium with agitation at 120 rpm and 30 °C overnight. Then, 1 mL bacterial solution was 
transferred into 500 mL of 0.2× TSB medium and cultured at 30 °C with 120 rpm agitation 
until OD600 nm reached 1.5. 

For inoculation treatments (PvI), 5 mL of bacterial culture was added to the rhizo-
sphere of each plant, and for control groups (PvN), 5 mL of 0.2× TSB medium was added 
instead of bacterial culture. These plants were incubated overnight at room temperature 
before being transplanted into the field. 

2.3. Plant Sampling and Analysis 
During the cultivation period, plant sampling was conducted in June, August, Sep-

tember, and October. Plants were first shaken to remove the bulk soil, washed with run-
ning water, and then rinsed 2–3 times with Milli-Q water. Each plant was divided into 
shoots and roots and then dried in an oven at 60 °C for 7 days. The dry weight of shoots 
and roots was measured and recorded separately as the plant biomass. Afterward, the 
plants were ground, and 0.03 g of well-ground plant materials was added into a 20 mL 
test tube containing 3 mL of 60% HNO3 (Wako, Japan). The tubes were incubated at 130 
°C in an aluminum block bath (Scinics Corporation, Tokyo, Japan) for about 2 h until there 
was no precipitation and no brown smoke came out. The ingredients were transferred to 
a volumetric flask and diluted to 10 mL with Milli-Q water as the digested solution. For 
the test solution, 1 mL of digested solution was added with 0.5 mL of 60% HNO3, and 10 
μL of internal standard (10 mg/mL Indium), followed by making it up to 10 mL with Milli-
Q water. Finally, the test solution was passed through a 0.45 μm filter, and the As concen-
tration of the test solution was measured by inductively coupled plasma mass spectrom-
etry (ICP-MS) (NexION 2000, PerkinElmer, Co., Ltd., Waltham, MA, USA). 

2.4. Soil Sampling and As Content Analysis 
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2.2. Plant and Microbe Materials and Inoculation Experiment

The plug seedlings of P. vittata with 6–9 fronds used in this study were provided by
Fujita Co., Ltd. (Tokyo, Japan). For the co-cultivation experiment, Pseudomonas vancouveren-
sis strain m318 was inoculated to the rhizosphere of P. vittata. The detailed characteristics
of this strain were described in our previous study [18]. The m318 strain stored in a −80 ◦C
deep freezer was first pre-cultured in 5 mL of 0.2× Tryptic Soy Broth (TSB) medium with
agitation at 120 rpm and 30 ◦C overnight. Then, 1 mL bacterial solution was transferred into
500 mL of 0.2× TSB medium and cultured at 30 ◦C with 120 rpm agitation until OD600 nm
reached 1.5.

For inoculation treatments (PvI), 5 mL of bacterial culture was added to the rhizosphere
of each plant, and for control groups (PvN), 5 mL of 0.2× TSB medium was added instead
of bacterial culture. These plants were incubated overnight at room temperature before
being transplanted into the field.

2.3. Plant Sampling and Analysis

During the cultivation period, plant sampling was conducted in June, August, Septem-
ber, and October. Plants were first shaken to remove the bulk soil, washed with running
water, and then rinsed 2–3 times with Milli-Q water. Each plant was divided into shoots
and roots and then dried in an oven at 60 ◦C for 7 days. The dry weight of shoots and
roots was measured and recorded separately as the plant biomass. Afterward, the plants
were ground, and 0.03 g of well-ground plant materials was added into a 20 mL test tube
containing 3 mL of 60% HNO3 (Wako, Japan). The tubes were incubated at 130 ◦C in an
aluminum block bath (Scinics Corporation, Tokyo, Japan) for about 2 h until there was
no precipitation and no brown smoke came out. The ingredients were transferred to a
volumetric flask and diluted to 10 mL with Milli-Q water as the digested solution. For the
test solution, 1 mL of digested solution was added with 0.5 mL of 60% HNO3, and 10 µL of
internal standard (10 mg/mL Indium), followed by making it up to 10 mL with Milli-Q
water. Finally, the test solution was passed through a 0.45 µm filter, and the As concentra-
tion of the test solution was measured by inductively coupled plasma mass spectrometry
(ICP-MS) (NexION 2000, PerkinElmer, Co., Ltd., Waltham, MA, USA).

2.4. Soil Sampling and As Content Analysis

Soil samples were collected by using a 30-cm core sampler (FUJIWARA SCIENTIFIC
CO., LTD., Tokyo, Japan) at the initial stage (June) and the harvesting stage (October). Soil
was sampled from five randomly chosen spots across each of the experimental sites. The
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soil from the upper 15 cm of the core was sieved through a 2 mm sieve (SIEVE FACTORY
IIDA Co., Ltd., Osaka, Japan) to remove stones and other organic debris, then mixed and
dried in an oven at 60 ◦C for 3 days. After drying, the soil was crushed into powder by a
Hi-speed Vibrating Sample Mill (Cosmic Mechanical Technology. Co., Ltd., Saitama, Japan).
The total As content in the soil was measured with X-ray fluorescence (XRF) according
to a previous study [21]. Briefly, 3.0 g of crushed soil powder was filled into a PVC ring
and pressurized with a hydraulic press (Manual Hydraulic Press—15 and 25 Ton, Specac,
Orpington, UK) to produce a disc-shaped pellet. The pressurization conditions were 100 kN
for 1 min, 150 kN for 2 min, and then 200 kN for 5 min. The As content in the pellets was
then analyzed with XRF (PANalytical Epsilon5, Almelo, The Netherlands)

2.5. Relative Abundance of Arsenite Oxidase Genes (aioA-like Genes) to 16S rRNA Genes Analysis

Rhizospheric soil, defined as soil tightly attached to root surface, was collected for
rhizospheric microbial activity analysis. Total soil microbial DNA was extracted from 0.5 g
of rhizospheric soil using DNeasy Power Soil Kit (Qiagen, Hilden, Germany). DNA quality
and quantity was checked with 1% agarose gel electrophoresis and a Nano Photometer
(C40, Implen GmbH, München, Germany). The abundance of total bacteria and bacteria-
derivative aioA-like genes was analyzed by quantitative real-time PCR (qPCR) targeted
to 16S rRNA genes and aioA-like genes using a CFX ConnectTM Thermocycler (BioRad,
Hercules, CA, USA) following the method described in the previous study [20]. A PCR4-
TOPO (Thermo Fisher Scientific, Waltham, MA, USA) derivative plasmid carrying V3-V4
region of 16S rRNA genes and a T-Vector pMD19 (Takara Bio Inc., Kusatsu, Japan) derivative
plasmid carrying 540 bp of the aioA-like gene were used as standards, respectively.

The primers Eu341F (5′-CCTACGGGAGGCAGCAG-3′) and Eu518R (5′-GTATTACCG
CGGCTGCTGG-3′) were used to amplify the V3-V4 region of bacterial 16S rRNA genes
with the qPCR program as follows: 95 ◦C for 30 s, then 40 cycles of 95 ◦C for 5 s, 55 ◦C
for 30 s, and 72 ◦C for 30 s. The primers aroA95F (5′-TGYCABTWCTGCAIYGYIGG) and
aroA599R (5′-TCDGARTTGTASGCIGGICKRTT) were used to amplify the bacterial aioA-
like genes with the qPCR program as follows: 95 ◦C for 30 s, then 40 cycles of 95 ◦C for 45 s,
50 ◦C for 45 s, and 72 ◦C for 30 s.

2.6. Statistical Analysis

For plant samples, three and four replications were used in 2019 and 2020, respectively.
Two technical replicates were performed for qPCR analysis. The data were presented as
the mean values of all the replicates with standard error. The one-way analysis of variance
(One-way ANOVA) was performed using Origin Pro 2021 (Origin Lab Corp., Northampton,
MA, USA), while a statistically significant difference was considered at p < 0.05.

3. Results and Discussions
3.1. Soil As Content in Two Sites

The As content of bulk soil in two sites at the initial and harvest stage of cultivation
was evaluated using XRF (Table 1). The As content in the MS site was found to be less
than 10 mg/kg, while about 60–70 mg/kg was found in site MK. Tsuchiya et al. reported
that the soil in Japan contains an average of 7 mg/kg of naturally occurring As [22]. The
high As content in the MK site might be attributed to the presence of an abandoned gold
mine nearby. Since the environmental quality standard for soil As pollution is less than
15 mg/kg [23], the MK could be regarded as a high As-contaminated site. Higher naturally
occurring As content was reported around MK [24]. Moreover, the abandoned gold mines
near the MK site were severely damaged during the 2011 Tōhoku earthquake and tsunami,
resulting in the flowing out of a large amount of As-containing sediments that perhaps
eventually caused the MK site to become a high As area [22].
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Table 1. The total As content in soil of experimental sites at the initial and harvesting stages.

2019 2020

MS MK MS MK

Initial As content (mg/kg) 8.66 ±0.67 63.45 ±0.69 8.53 ±0.72 62.50 ±11.93
Harvest As content (mg/kg) 6.50 ±1.36 72.54 ±8.34 9.64 ±1.15 71.83 ±13.89

3.2. Growth of P. vittata in Two Sites

The dry weight of shoots and roots of P. vittata across two years is presented in
Figure 2. The MS and MK sites shared the same growth trend that no obvious increase for
the first three months as an adaptation period, whereas the biomass increased swiftly from
September to October. This growth trend was found to be consistent with our previous
study [20], while an exception was observed for PvN in MS. Different from the others, the
plants under PvN treatment in MS in 2019 did not grow up, as the biomass in October was
observed as only 15.77 g-dw. This phenomenon appeared not only for the sampled plants
but also for the whole ridge of PvN treatment. Besides, the difference in biomass between
the two treatments was confirmed in August, which was still during the early stage of
cultivation (Figure 2a). Both above events implied that some environmental stress existed
in the early stage of cultivation and resulted in bad colonization of P. vittata seedings to MS
in 2019. On the other hand, PvI grew well in MS in 2019, implying that strain m318 might
have helped P. vittata to resist environmental stress.
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As for the growth of P. vittata, the initial biomass was 0.17 g-dw, and the biomass at the
harvest stage was 79.17 g-dw in MS and 85.37 g-dw in MK in 2019 (PvI). In 2020, the initial
biomass was 0.22 g-dw, and the biomass of PvI at the harvesting stage was 55.38 g-dw in
MS and 39.15 g-dw in MK. These results showed that the biomass was mainly varied with
year rather than fields and treatment conditions. P. vittata is a fern with low nutritional
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requirements [25], and thus the climatic conditions could be a major factor affecting its
biomass. MS was in a temperate climate zone, and the average temperature in October was
recorded as 15.9 ◦C, which was higher than the recorded average temperature (13.9 ◦C) in
October at MK located in a subarctic climate zone. Since P. vittata is native to tropical areas
and grows better in a warm environment, the low biomass in MK might have resulted from
the colder temperature. Altogether, the current results indicated that P. vittata is capable of
growing in temperate to subarctic climate zones and can be applied to As phytoextraction.

In addition, the biomass of each P. vittata in both MS and MK did not show a significant
difference between PvI and PvN in 2020. The biomass yield per square meter was measured
and is shown in Table 2. Although the difference in biomass of each P. vittata was not
observed, the biomass yield in one square meter was increased by inoculation with m318.
Considering all the treatment was in the same planting density, it showed that inoculation
with strain m318 could greatly improve the survival rate of P. vittata.

Table 2. The parameters regarding As removal per square meter.

2019 2020

MS MK MS MK

PvN PvI PvN PvI PvN PvI PvN PvI

Biomass (kg/m2) NA 0.50 0.52 0.82 0.36 0.48 0.28 0.44
Average As concentration (mg/kg) 4.69 7.91 119.13 150.8 9.56 8.59 94.77 96.89
Removal amount of As (mg/m2) NA 3.96 61.95 123.66 3.44 4.12 26.54 42.63

NA: not available. The biomass of PvN in site MS in 2019 could not be measured due to the growth situation.

In our previous study, strain m318 was confirmed to produce IAA at a high level of
12.45 mg·L−1·d−1 [18]. IAA is a kind of auxin that can promote plant growth by enhancing
cell elongation and differentiation [26]. Furthermore, IAA was proven to help plants resist
environmental stress such as drought and salinity [27,28]. The results in 2019 indicated the
potential ability of strain m318 to promote the survival of P. vittata under environmental
stress. Another study reported that some plant growth-promoting rhizobacteria (PGPR)
capable of producing IAA contributed to wheat yield per hectare, but had no significant
effect on each plant [29]. Since strain m318 is an IAA-producing bacterium, it may enhance
the survival rate of P. vittata by improving its resistance to environmental stress and
subsequently increasing the total biomass yield. Further studies to clarify the interactions
among IAA-producing rhizobacteria, P. vittata and soil during plant growth will be helpful
in designing an efficient As phytoextraction strategy.

3.3. As Accumulation by P. vittata in Two Sites

As concentrations in the shoots and roots are presented in Figure 3. The total As
accumulation in each plant was calculated according to the As concentration and dry
weight and is shown in Figure 4.

Arsenic concentration in the shoots increased at an early stage of the cultivation period
and even further increased with cultivation time, while the As concentration in the roots
temporarily increased and became steady (Figure 3). These results supported that As was
absorbed by the roots but transferred and accumulated to the shoots, which is consistent
with the study reported by Singh and Ma [30].

In 2019, As concentration in the shoots of P. vittata with strain m318 inoculation
was higher than that without inoculation in both MS and MK exhibiting no statistically
significant difference between the sites. This trend was consistent with our previous
studies [20] and was also confirmed in MK in 2020. However, the As concentration in the
shoot with inoculation was lower than that without inoculation in MS in 2020 (Figure 3c).
This phenomenon might be accounted for by the lack of bioavailable As that is related to
arsenic redox bacteria in the rhizosphere.
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The initial As amount in each P. vittata seedling was 0.21 µg. At the harvesting stage
(October), the highest As accumulation per plant in site MK was 9371.04 µg (2019-PvN),
which was 8.23 times higher than that in site MS (1138.28 µg, 2019-PvI). Since As content in
MK soil was approximately seven times higher than MS, these results showed that the As
concentration in P. vittata was mainly dependent on the As content in the soil. Besides, the
similar yield between MS and MK suggested that the high As content in MK had no effect
on P. vittata growth.

The As removal amount in one square meter was also measured (Table 2). The results
showed that PvI treatment removed more As in 2020 in both MS and MK. In 2020, the As
removal amount of PvI was 1.2 times higher than that of PvN in site MS, and 1.6 times
higher in site MK. Despite the higher As accumulation in each plant of PvN in site MS, the
As removal of PvI was much more per unit area due to more plants surviving during the
whole cultivation period. This suggested that increasing the survival rate of P. vittata could
improve the overall remediation efficiency in actual As-contaminated soil.

3.4. Arsenite Oxidase Genes in the Rhizosphere of P. vittata

To understand the relevance between As uptake and the alteration of rhizospheric
microbial communities, the relative abundance of arsenite oxidase genes (aioA-like genes)
to 16S rRNA genes in the rhizosphere of P. vittata in 2020 was investigated. The results
observed different tendencies between these two sites (Figure 5). In MK, the relative
abundance of aioA-like genes under inoculated treatment was higher than that under non-
inoculated treatment and kept increasing during the whole cultivation period. It could be
speculated that strain m318 was widely colonized in the rhizosphere, or the inoculation of
strain m318 activated other microorganisms harboring aioA-like genes and impacted the
indigenous soil microbial community, forming a synergistic effect that contributed to As
uptake by P. vittata.
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Contrary to the results observed in site MK, the ratio of the aioA-like gene under both
inoculation and non-inoculation treatments was decreased in MS, and the ratio under
inoculation treatment was lower than that under non-inoculation treatment. This trend
was completely opposite to the results of our previous 3-year field trial in MS during
2016–2018, in which the ratio of aioA-like genes under inoculated treatment was higher
than that observed under non-inoculated treatment [20]. It is worth mentioning that the
As concentration in the shoots of P. vittata was also lower under inoculated treatment than
that under non-inoculated treatment in site MS, which was also found to be against our
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previous study. These phenomena indicated a correlation between the As concentration in
shoots and the relative abundance of aioA-like genes in the rhizosphere.

Since P. vittata absorbs arsenic as As(V), aioA-like genes play an important role in
phytoextraction by P. vittata [31,32]. In the present study, the decrease of aioA-like genes in
the rhizosphere indicated a possible prohibition of As(III) oxidation resulting in the decrease
of As(V) in the rhizosphere and finally causing the reduction of As uptake by P. vittata.
Our field trial of P. vittata in site MS from 2016 to 2020 found that the As concentration in
P. vittata decreased from 16 to 8.59 mg/kg-dw along with the decrease of the abundance of
aioA-like genes in the rhizosphere over three years [20]. Hence, the decrease in soil fertility
after years of cultivation might be one of the reasons for the decrease of As concentration
in P. vittata.

In our previous study in site MS during 2016–2018 [20], the inoculation of strain
m318 increased the abundance of aioA-like genes in the rhizosphere. However, such an
increase was found to fluctuate in 2020, as indicated by the ratio of aioA-like genes that
decreased during the cultivation period (Figure 5a). Generally, the inoculation of exogenous
microorganisms to soil would stimulate and lead to perturbation in the native soil microbial
communities [33]. However, native microbial communities have resistance to exogenous
microorganisms, which might be buffering mechanisms of the ecosystem, especially in the
case of direct inoculation of bacterial suspension without a proper carrier [34]. The reasons
accounting for the reduction of aioA-like genes in the rhizosphere could be presumed to
be the result of native soil microbial communities resistance to strain m318. Thus, it was
difficult for strain m318 to become dominant in the rhizosphere. The long-term impacts of
inoculation on indigenous soil communities are worth investigating in the future.

The abundance of aioA-like genes in the rhizosphere seems to be a potential indicator
for evaluating the effectiveness of microbe-assisted As phytoextraction by P. vittata. It is
necessary to determine an approach to increase the relative abundance of the aioA-like genes
in the rhizosphere. Although inoculating the exogenous microorganisms harboring aioA-
like genes was considered to be a good choice, our study concluded that the effectiveness of
single strain inoculation could be variable. It could be a huge challenge to maintain the long-
term effects. Thus, understanding how P. vittata assembles its rhizospheric microorganisms
when planted in different soil environments could be a key breakthrough. In addition,
there are also ecological relationships, including mutualism or competition among soil
microorganisms [35]. Some studies indicated that the effect of inoculation with a mixture
of multiple microorganisms provided better results than a single strain [36,37]. Therefore,
constructing a consortium with strain m318 as the core strain might be a practical approach
to promote microbe-assisted As phytoextraction by P. vittata.

4. Conclusions

In this study, the potentiality of microbe-assisted phytoextraction in different soil
conditions on the field scale was evaluated. The growth and As hyperaccumulation
of P. vittata showed that P. vittata is applicable in both temperate/subarctic zones and
high/low As soil. Besides, the results showed that strain m318 improved the survival rate
of P. vittata. Inoculation of strain m318 supported the increase of aioA-like genes in the
rhizosphere, which contributed to As phytoextraction by P. vittata. Though other factors
were probably involved in the change of aioA-like genes in the rhizosphere, the present
study provides empirical evidence that the relative abundance of aioA-like genes in the
rhizosphere correlated to the As concentration in P. vittata. The findings of this study shed
light on aioA-like genes as an indicator in evaluating the efficiency of microbial-assisted As
phytoextraction by P. vittata.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph19031796/s1, Table S1: Soil chemical composition of two
sites measured by X-ray fluorescence (XRF).

https://www.mdpi.com/article/10.3390/ijerph19031796/s1
https://www.mdpi.com/article/10.3390/ijerph19031796/s1


Int. J. Environ. Res. Public Health 2022, 19, 1796 10 of 11

Author Contributions: Methodology, investigation, data curation, visualization, writing—original
draft preparation, writing—review and editing, N.H.; methodology, investigation, writing—review
and editing, C.Y.; investigation, data curation, S.S.; conceptualization, supervision, funding acquisi-
tion, C.I.; conceptualization, supervision, funding acquisition, writing—review and editing, M.-F.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (JSPS) KAK-
ENHI, Grant Number 19H01158 (Grant-in-Aid for Scientific Research (A)).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author upon reasonable request.

Acknowledgments: We would like to thank Fujita Co., Ltd. (Tokyo, Japan) for providing seedlings
of P. vittata. We also thank Shin-ichi Yamasaki and Mari Yamamoto for their technical support in the
analysis of XRF and qPCR, Yi Huang-Takeshi Kohda for support in the field experiment, Tanmoy R.
Tusher for his kind help in the English editing process, and Xu Wang for supporting the artwork in
Figure 1b.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mandal, B.K.; Suzuki, K.T. Arsenic round the world: A review. Talanta 2002, 58, 201–235. [CrossRef]
2. Sharma, A.K.; Tjell, J.C.; Sloth, J.J.; Holm, P.E. Review of arsenic contamination, exposure through water and food and low cost

mitigation options for rural areas. Appl. Geochem. 2014, 41, 11–33. [CrossRef]
3. Smith, C.J.; Livingston, S.D.; Doolittle, D.J. An international literature survey of "IARC Group I carcinogens" reported in

mainstream cigarette smoke. Food Chem. Toxicol. 1997, 35, 1107–1130. [CrossRef]
4. Ratnaike, R.N. Acute and chronic arsenic toxicity. Postgrad. Med. J. 2003, 79, 391–396. [CrossRef] [PubMed]
5. Jomova, K.; Jenisova, Z.; Feszterova, M.; Baros, S.; Liska, J.; Hudecova, D.; Rhodes, C.J.; Valko, M. Arsenic: Toxicity, oxidative

stress and human disease. J. Appl. Toxicol. 2011, 31, 95–107. [CrossRef]
6. Zhao, F.J.; McGrath, S.P.; Meharg, A.A. Arsenic as a Food Chain Contaminant: Mechanisms of Plant Uptake and Metabolism and

Mitigation Strategies. Annu. Rev. Plant Biol. 2010, 61, 535–559. [CrossRef] [PubMed]
7. Bakhat, H.F.; Zia, Z.; Fahad, S.; Abbas, S.; Hammad, H.M.; Shahzad, A.N.; Abbas, F.; Alharby, H.; Shahid, M. Arsenic uptake,

accumulation and toxicity in rice plants: Possible remedies for its detoxification: A review. Environ. Sci. Pollut. Res. 2017, 24,
9142–9158. [CrossRef]

8. Environmental Quality Standards for Soil Pollution [MOE]. Available online: https://www.env.go.jp/en/water/soil/sp.html
(accessed on 31 January 2022).

9. Khalid, S.; Shahid, M.; Niazi, N.K.; Murtaza, B.; Bibi, I.; Dumat, C. A comparison of technologies for remediation of heavy metal
contaminated soils. J. Geochem. Explor. 2017, 182, 247–268. [CrossRef]

10. Salt, D.E.; Blaylock, M.; Kumar, N.; Dushenkov, V.; Ensley, B.D.; Chet, I.; Raskin, I. PHYTOREMEDIATION—A NOVEL
STRATEGY FOR THE REMOVAL OF TOXIC METALS FROM THE ENVIRONMENT USING PLANTS. Bio-Technol. 1995, 13,
468–474. [CrossRef]

11. Bhargava, A.; Carmona, F.F.; Bhargava, M.; Srivastava, S. Approaches for enhanced phytoextraction of heavy metals. J. Environ.
Manag. 2012, 105, 103–120. [CrossRef]

12. Leitenmaier, B.; Kupper, H. Compartmentation and complexation of metals in hyperaccumulator plants. Front. Plant Sci. 2013,
4, 374. [CrossRef] [PubMed]

13. Ma, L.Q.; Komar, K.M.; Tu, C.; Zhang, W.; Cai, Y.; Kennelley, E.D. A fern that hyperaccumulates arsenic. Nature 2001, 409, 579.
[CrossRef]

14. Niazi, N.K.; Singh, B.; Van Zwieten, L.; Kachenko, A.G. Phytoremediation of an arsenic-contaminated site using Pteris vittata L.
and Pityrogramma calomelanos var. austroamericana: A long-term study. Environ. Sci. Pollut. Res. 2012, 19, 3506–3515. [CrossRef]

15. Danh, L.T.; Truong, P.; Mammucari, R.; Foster, N. A Critical Review of the Arsenic Uptake Mechanisms and Phytoremediation
Potential of Pteris vittata. Int. J. Phytoremediation 2014, 16, 429–453. [CrossRef] [PubMed]

16. Huang, Y.; Hatayama, M.; Inoue, C. Characterization of As efflux from the roots of As hyperaccumulator Pteris vittata L. Planta
2011, 234, 1275–1284. [CrossRef] [PubMed]

17. Paez-Espino, D.; Tamames, J.; de Lorenzo, V.; Canovas, D. Microbial responses to environmental arsenic. Biometals 2009, 22,
117–130. [CrossRef] [PubMed]

18. Yang, C.; Ho, Y.-N.; Makita, R.; Inoue, C.; Chien, M.-F. A multifunctional rhizobacterial strain with wide application in different
ferns facilitates arsenic phytoremediation. Sci. Total Environ. 2020, 712, 134504. [CrossRef]

http://doi.org/10.1016/S0039-9140(02)00268-0
http://doi.org/10.1016/j.apgeochem.2013.11.012
http://doi.org/10.1016/S0278-6915(97)00063-X
http://doi.org/10.1136/pmj.79.933.391
http://www.ncbi.nlm.nih.gov/pubmed/12897217
http://doi.org/10.1002/jat.1649
http://doi.org/10.1146/annurev-arplant-042809-112152
http://www.ncbi.nlm.nih.gov/pubmed/20192735
http://doi.org/10.1007/s11356-017-8462-2
https://www.env.go.jp/en/water/soil/sp.html
http://doi.org/10.1016/j.gexplo.2016.11.021
http://doi.org/10.1038/nbt0595-468
http://doi.org/10.1016/j.jenvman.2012.04.002
http://doi.org/10.3389/fpls.2013.00374
http://www.ncbi.nlm.nih.gov/pubmed/24065978
http://doi.org/10.1038/35054664
http://doi.org/10.1007/s11356-012-0910-4
http://doi.org/10.1080/15226514.2013.798613
http://www.ncbi.nlm.nih.gov/pubmed/24912227
http://doi.org/10.1007/s00425-011-1480-2
http://www.ncbi.nlm.nih.gov/pubmed/21789508
http://doi.org/10.1007/s10534-008-9195-y
http://www.ncbi.nlm.nih.gov/pubmed/19130261
http://doi.org/10.1016/j.scitotenv.2019.134504


Int. J. Environ. Res. Public Health 2022, 19, 1796 11 of 11

19. Yang, C.; Ho, Y.-N.; Makita, R.; Inoue, C.; Chien, M.-F. Cupriavidus basilensis strain r507, a toxic arsenic phytoextraction facilitator,
potentiates the arsenic accumulation by Pteris vittata. Ecotoxicol. Environ. Saf. 2020, 190, 110075. [CrossRef]

20. Yang, C.; Ho, Y.-N.; Inoue, C.; Chien, M.-F. Long-term effectiveness of microbe-assisted arsenic phytoremediation by Pteris vittata
in field trials. Sci. Total Environ. 2020, 740, 140137. [CrossRef]

21. Matsunami, H.; Matsuda, K.; Yamasaki, S.-i.; Kimura, K.; Ogawa, Y.; Miura, Y.; Yamaji, I.; Tsuchiya, N. Rapid simultaneous
multi-element determination of soils and environmental samples with polarizing energy dispersive X-ray fluorescence (EDXRF)
spectrometry using pressed powder pellets. Soil Sci. Plant Nutr. 2010, 56, 530–540. [CrossRef]

22. Tsuchiya, N.; Inoue, C.; Yamada, R.; Yamazaki, S.I.; Hirano, N.; Okamoto, A.; Ogawa, Y.; Watanabe, T.; Nara, F.; Watanabe, N.
Risk assessments of arsenic in tsunami sediments from Iwate, Miyagi and Fukushima Prefectures, Northeast Japan, by the 2011
off the Pacific coast of Tohoku Earthquake. Chishitsugaku Zasshi 2012, 118, 419–430. (In Japanese) [CrossRef]

23. Arao, T.; Ishikawa, S.; Murakami, M.; Abe, K.; Maejima, Y.; Makino, T. Heavy metal contamination of agricultural soil and
countermeasures in Japan. Paddy Water Environ. 2010, 8, 247–257. [CrossRef]

24. Katsumi, M. Geological approach to soil contamination caused by natural processes. Chigaku Zasshi 2007, 116, 877–891. (In
Japanese) [CrossRef]

25. Huang, Y.; Miyauchi, K.; Inoue, C.; Endo, G. Development of suitable hydroponics system for phytoremediation of arsenic-
contaminated water using an arsenic hyperaccumulator plant Pteris vittata. Biosci. Biotechnol. Biochem. 2016, 80, 614–618.
[CrossRef]

26. Woodward, A.W.; Bartel, B. Auxin: Regulation, action, and interaction. Ann. Bot. 2005, 95, 707–735. [CrossRef] [PubMed]
27. Zhang, Y.Z.; Li, Y.P.; Hassan, M.J.; Li, Z.; Peng, Y. Indole-3-acetic acid improves drought tolerance of white clover via activating

auxin, abscisic acid and jasmonic acid related genes and inhibiting senescence genes. Bmc Plant Biol. 2020, 20, 150. [CrossRef]
28. Komaresofla, B.R.; Alikhani, H.A.; Etesami, H.; Khoshkholgh-Sima, N.A. Improved growth and salinity tolerance of the halophyte

Salicornia sp. by co-inoculation with endophytic and rhizosphere bacteria. Appl. Soil Ecol. 2019, 138, 160–170. [CrossRef]
29. Khalid, A.; Arshad, M.; Zahir, Z.A. Screening plant growth-promoting rhizobacteria for improving growth and yield of wheat. J.

Appl. Microbiol. 2004, 96, 473–480. [CrossRef]
30. Singh, N.; Ma, L.Q. Arsenic speciation, and arsenic and phosphate distribution in arsenic hyperaccumulator Pteris vittata L. and

non-hyperaccumulator Pteris ensiformis L. Environ. Pollut. 2006, 141, 238–246. [CrossRef]
31. Ye, L.; Wang, L.Y.; Jing, C.Y. Biotransformation of adsorbed arsenic on iron minerals by coexisting arsenate-reducing and

arsenite-oxidizing bacteria. Environ. Pollut. 2020, 256, 113471. [CrossRef]
32. Wang, X.; Rathinasabapathi, B.; de Oliveira, L.M.; Guilherme, L.R.G.; Ma, L.N.Q. Bacteria-Mediated Arsenic Oxidation and

Reduction in the Growth Media of Arsenic Hyperaccumulator Pteris vittata. Environ. Sci. Technol. 2012, 46, 11259–11266.
[CrossRef] [PubMed]

33. Trabelsi, D.; Mhamdi, R. Microbial Inoculants and Their Impact on Soil Microbial Communities: A Review. Biomed Res. Int. 2013,
2013, 863240. [CrossRef] [PubMed]

34. Bashan, Y.; de-Bashan, L.E.; Prabhu, S.R.; Hernandez, J.P. Advances in plant growth-promoting bacterial inoculant technology:
Formulations and practical perspectives (1998–2013). Plant Soil 2014, 378, 1–33. [CrossRef]

35. Faust, K.; Raes, J. Microbial interactions: From networks to models. Nat. Rev. Microbiol. 2012, 10, 538–550. [CrossRef]
36. Shahzad, S.M.; Khalid, A.; Arif, M.S.; Riaz, M.; Ashraf, M.; Iqbal, Z.; Yasmeen, T. Co-inoculation integrated with P-enriched

compost improved nodulation and growth of Chickpea (Cicer arietinum L.) under irrigated and rainfed farming systems. Biol.
Fertil. Soils 2014, 50, 1–12. [CrossRef]

37. Maila, M.P.; Randima, P.; Cloete, T.E. Multispecies and monoculture rhizoremediation of polycyclic aromatic hydrocarbons
(PAHs) from the soil. Int. J. Phytoremediation 2005, 7, 87–98. [CrossRef]

http://doi.org/10.1016/j.ecoenv.2019.110075
http://doi.org/10.1016/j.scitotenv.2020.140137
http://doi.org/10.1111/j.1747-0765.2010.00489.x
http://doi.org/10.5575/geosoc.2012.0043
http://doi.org/10.1007/s10333-010-0205-7
http://doi.org/10.5026/jgeography.116.6_877 
http://doi.org/10.1080/09168451.2015.1107461
http://doi.org/10.1093/aob/mci083
http://www.ncbi.nlm.nih.gov/pubmed/15749753
http://doi.org/10.1186/s12870-020-02354-y
http://doi.org/10.1016/j.apsoil.2019.02.022
http://doi.org/10.1046/j.1365-2672.2003.02161.x
http://doi.org/10.1016/j.envpol.2005.08.050
http://doi.org/10.1016/j.envpol.2019.113471
http://doi.org/10.1021/es300454b
http://www.ncbi.nlm.nih.gov/pubmed/22994133
http://doi.org/10.1155/2013/863240
http://www.ncbi.nlm.nih.gov/pubmed/23957006
http://doi.org/10.1007/s11104-013-1956-x
http://doi.org/10.1038/nrmicro2832
http://doi.org/10.1007/s00374-013-0826-2
http://doi.org/10.1080/16226510590950397

	Introduction 
	Materials and Methods 
	Site Location and Field Design 
	Plant and Microbe Materials and Inoculation Experiment 
	Plant Sampling and Analysis 
	Soil Sampling and As Content Analysis 
	Relative Abundance of Arsenite Oxidase Genes (aioA-like Genes) to 16S rRNA Genes Analysis 
	Statistical Analysis 

	Results and Discussions 
	Soil As Content in Two Sites 
	Growth of P. vittata in Two Sites 
	As Accumulation by P. vittata in Two Sites 
	Arsenite Oxidase Genes in the Rhizosphere of P. vittata 

	Conclusions 
	References

