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It is well known that arbuscular mycorrhizal (AM) fungi can enhance plant arsenic (As) resistance by influencing
As uptake, translocation, and speciation; however, As transformation and volatilization by an entire plant
inoculated with AM fungus remains uninvestigated. In the present study, AM symbiosis of Rhizophagus irregularis
with unbroken Medicago sativa was successfully established in vitro. Afterwards, five concentrations of arsenate
were applied to the culture media. The results showed that AM inoculation could methylate inorganic As into
dimethylarsinic acid (DMA), dimethylarsine (DMAsH), and trimethylarsine (TMAs), which were detected in the
plants, media, or air. Volatile As, accounting for a small proportion of total organic As, appeared under high
arsenate exposure, accompanied by remarkable upregulation of root RiMT-11, an arsenite methyltransferase
gene in R. irregularis. In addition, AM colonization significantly increased arsenite percentages in plant tissues
and external media. Regardless of As species, AM inoculation tended to release the transformed As into the
environment rather than transfer them to plant tissues. Our present study, for the first time, comprehensively
verified As methylation, volatilization, and reduction by AM fungus associated with the entire plant under ab
solute axenic conditions and gained a deeper insight into As metabolism in AM symbionts.
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1. Introduction
Arsenic (As) is a ubiquitous toxic element present in natural envi
ronments and used in a wide range of industries. In recent decades, the
excessive anthropogenic discharge of As has caused the environmental
accumulation of As, especially in soils and waters, gravely threatening
crop production and human health (Zhao and Wang, 2020). Arsenic
mainly exists in the forms of trivalent arsenite [As(III)] and pentavalent
arsenate [As(V)] in the environment, along with several organic forms,
including gaseous As, produced via biological metabolism (Campbell
and Nordstrom, 2014). In the vast majority of cases, As is not an
essential but rather a toxic element for organisms. Excessive As induces a
series of morphological, physiological, and genetic damage (Lin et al.,

2008; Singh et al., 2019). Therefore, most organisms possess the ability
of As metabolism or As detoxification, which is accompanied by a series
of As transformations (Zhu et al., 2014).
Arbuscular mycorrhizal (AM) fungi are pervasive symbiotic fungi in
soils and can establish mutualistic relationships with the majority of
terrestrial plants (Smith and Read, 2008), which benefit from the min
erals and water supplied by the AM fungi. In return, plants supply AM
fungi with essential carbon (Schwab et al., 1991; Li et al., 2013; Jiang
et al., 2017). In addition, AM fungi have also been reported to enhance
plant resistance to a variety of biotic and abiotic stresses, including
heavy metal(loid) contamination (Begum et al., 2019; Miozzi et al.,
2019). Undoubtedly, AM inoculation also alleviated As phytotoxicity by
promoting plant growth, regulation of As uptake, translocation, and
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transformation (Spagnoletti et al., 2016; Neidhardt, 2020).
Recent studies have demonstrated that mycorrhization affects As
speciation in plants, indicating that AM fungi might directly or indi
rectly be involved in plant As transformation (Zhang et al., 2015).
Arsenic reduction and methylation are regarded as two universal As
detoxification mechanisms. Arsenic enters plant cells mainly in the
forms of As(III) and As(V), which are subsequently converted into As(III)
catalyzed by As(V) reductase. As(III) is then pumped out of cells via
specific transporters or forms an As(III)–thiol complex and is seques
tered in vacuoles (Zhao et al., 2009). AM inoculation was demonstrated
to increase As(III) proportions in plants, indicating that AM symbioses
might also be involved in As detoxification by reduction (Zhang et al.,
2015). González-Chávez et al. (2011) and Maldonado-Mendoza and
Harrison (2018) identified an As uptake transporter gene, GiPT, and two
ATPase efflux pump complex genes, GiArsA and RiArsB, from Rhizo
phagus irregularis, extending the knowledge of As excretion in AM fungi.
Their research also identified a putative As(V) reductase gene, RiarsC,
which was found at detectable levels of expression in Medicago trunca
tula colonized with R. irregularis but not responsive to As(V). However,
our previous study demonstrated that the introduction of RiarsC could
enhance As resistance in an As(V)-sensitive Escherichia coli strain (Li
et al., 2018a). Therefore, how this gene functions in AM symbioses re
mains elusive. In addition, as a common means of microbial As detoxi
fication (Qin et al., 2006), As methylation and volatilization have been
discovered in AM fungi as well. By using heterologous expression in
E. coli and the two-compartment root-organ cultivation system, our
previous study demonstrated the capacity of As methylation and vola
tilization in AM fungi and characterized the key gene, RiMT-11,
encoding an As(III) methyltransferase in this process (Li et al., 2018c).
Maldonado-Mendoza and Harrison (2018) also reported that As(V)
exposure induced RiMT-11 expression in mycorrhizal roots of
M. truncatula. Nevertheless, how this gene correlates with As methyl
ation and volatilization in the intact AM symbioses remains unresolved.
The fate of methylated As produced by AM fungi under natural condi
tions is still unknown.
A pot experiment is a traditional method to study AM effects on plant
physiology. Due to the inevitable exogenous microbes, however, the
direct effects of AM fungi on plant physiology have sometimes been
misestimated because AM fungi could also alter soil microbial activities
and communities (Xu et al., 2019; Li et al., 2019). In a pot experiment
investigating the effect of AM on As methylation, methylated As was
detected in both mycorrhizal and non-mycorrhizal maize (Yu et al.,
2009). Due to the disability of As methylation by plants, the methylated
As produced could only originate from soil microbes (Lomax et al.,
2012). Under these circumstances, it was difficult to evaluate the pro
portion of methylated As produced by the AM fungi. Therefore, AM
fungi associated with root-inducing transferred-DNA (Ri T-DNA) trans
formed roots in two-compartment petri plates became a popular
approach for AM fungi studies (Becard and Fortin, 1988). However, the
absence of plant photosynthetic tissues makes it impossible to compre
hensively understand substance metabolism in AM symbioses. To
address this problem, Voets et al. (2005) and Dupré de Boulois et al.
(2006) developed in vitro cultural apparatuses for mycorrhization of the
entire plant. However, the shoots in open air and the relatively closed
conditions for roots could not meet the requirement of collecting volatile
compounds from AM symbioses.
Hence, in the present study, an in vitro cultivation system of the AM
fungus R. irregularis associated with the entire M. sativa plant was
established. Subsequently, different concentrations of As(V) were
applied to examine (1) the transport, distribution, excretion, and vola
tilization of methylated As in AM symbiosis; (2) how AM inoculation
influences As(V) reduction in plants and the surroundings; and (3)
whether the previously identified genes, RiMT-11 and RiarsC, related to
As transformation, are involved in these processes. In this study, we
aimed to comprehensively understand the mechanism of As metabolism
and detoxification in AM associations.

2. Materials and methods
2.1. Establishment and cultivation of AM symbiosis under axenic
conditions
Diluted Hoagland’s solution (1/2 strength for all nutrients except
phosphorus at 1/10 strength) prepared with double distilled H2O
(ddH2O) and solidified by 1.2% (wt/vol) agar (Sigma-Aldrich, Sant
Louis, MO, USA) was used as the culture medium in the initial stage
(Hoagland and Arnon, 1938; Garcés-Ruiz et al., 2017). The pH was
adjusted to 6.5. Flat-bottomed glass test tubes (30 cm in length and 5 cm
in diameter) were used as culture vessels. After sterilization, 100 mL of
the culture medium was added to each test tube, which was then tilted to
make the liquid level align to the center of the tube until agar solidifi
cation. In this case, the angle of the agar slope was approximately 13◦
from vertical so that the plant roots would grow over the surface and not
penetrate the agar. The method of plant cultivation on agar slopes was
amended from that of Hepper (1981).
Seeds of M. sativa Chaoren were purchased from the Golden Land
Agricultural Technology Institute, Beijing, China. The seeds were stirred
in concentrated H2SO4 for 5 min and washed thrice with sterile water,
followed by 3 min of stirring in bleach. After thoroughly washing with
sterile water, the seeds were germinated on inverted plates containing
water agar supplemented with 0.2% (wt/vol) Plant Preservative Mixture
(XMJ Scientific, Beijing, China) at 25 ◦ C for 48 h in the dark. Next, five
seedlings were selected for uniformity and transplanted 2–3 cm from the
top of the agar slope in each test tube. Five milliliters of sterile water was
added to each tube when the seedling roots reached the slope bottom to
stimulate the growth of lateral roots. The tube mouths were covered by
aseptic culture bottle sealing films with gas-permeable membranes. The
seedlings were then cultivated in a phytotron (MGC-450HPY-2, Blue
pard Instruments Co. Ltd., Shanghai, China) at 16 h/25 ◦ C day, 8 h/
18 ◦ C night, a relative humidity of 60%, and a light intensity of
1000 μmol m− 2 s− 1 for 20 days before inoculation with AM fungi. The
15 cm parts from the bottom of the test tubes were wrapped with
aluminum foil to keep the roots in the dark.
AM fungus R. irregularis DAOM 197198 (syn. Rhizoglomus irregulare,
formerly Glomus intraradices) was preserved and propagated using twocompartment in vitro monoxenic cultivation systems by the Lab of Soil
Ecology and Ecosystem Restoration, Research Center for EcoEnvironmental Sciences, CAS, Beijing, 100085, China. Sterile spores of
R. irregularis were germinated on very thin layers of water agar at 25 ◦ C
for 7 days in the dark. Subsequently, the water agar containing
approximately 100 germinated spores, which were counted with a mi
croscope, were cut into small pieces and transferred close to the M. sativa
roots evenly in each test tube via tweezers. Afterwards, plants grew
under the aforementioned conditions for the following 77 days before
the As treatments were applied.
2.2. Experimental design
After the establishment of AM symbiosis, five As addition levels
(0 μmol L− 1, 0.3 μmol L− 1, 3 μmol L− 1, 30 μmol L− 1, and
300 μmol L− 1) were arranged with sodium arsenate added to the
diluted Hoagland solution described above, though without agar.
Hoagland solution (100 mL) was added to each test tube, which was
then plugged by a T-junction stopper containing a gas inlet and outlet,
similar to the method used in our previous study (Li et al., 2018c). The
inlet was connected to a gas pump with a flow rate of 40 mL min− 1,
while the outlet was joined to a trapping tube filled with 0.5 mm silicone
beads impregnated with AgNO3 to adsorb volatile As by converting
methylarsine into methylarsine oxide. The inlet was also connected to
the trapping tube and a 0.22 µm filter membrane to exclude the potential
volatile As and microbes in the air. A diagram and photo of the culture
apparatus are shown in Fig. 1A and B. Meanwhile, a non-mycorrhizal
treatment was conducted for each As addition level. Plants were
2
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Fig. 1. Diagram (A) and photo (B) of the culture apparatus used in this study and photo of Medicago sativa root colonized with Rhizophagus irregularis (C).

(NH4)2HPO4 and 10 mmol L− 1 NH4NO3, adjusted to pH 6.2, and pum
ped through the column at a flow rate of 1.0 mL min− 1. Arsenic species
were verified by coincidental retention times with those of the stan
dards, including As(III), As(V), monomethylarsonic acid (MMA), dime
thylarsinic acid (DMA), and trimethylarsine oxide (TMAO), and
quantified by external calibration curves with peak areas. A standard
substance (GBW 10010, GSB-1) was used for quality control.

cultivated under the aforementioned conditions for 17 days before
harvesting. There were a total of 10 treatments with four replicates,
resulting in a total of 40 tubes in a randomized block design.
2.3. Plant harvest and AM colonization assessment
After 17 days of As(V) exposure, plant roots, stems, and leaves were
separately harvested and washed thoroughly with ddH2O. Fresh roots
(0.1 g) were collected for examination of mycorrhizal colonization.
Fresh roots (0.1 g) were frozen in liquid N2 and stored at − 80 ◦ C for
gene expression analysis. The remaining samples were freeze-dried at
− 50 ◦ C for 72 h and stored at − 80 ◦ C for As speciation analysis.
Mycorrhizal colonization was determined and calculated following a
modified method from that of Phillips and Hayman (1970).
One-centimeter fragments of fresh roots were cleared in 10% KOH at
90 ◦ C for 15 min, acidified in 5% HCl for 5 min, and stained with 0.05%
Trypan blue at 90 ◦ C for 10 min, and then the excess stain was removed
in lactic acid-glycerol solution for 24 h. The intensity of infection (M%)
was assessed following the method described by Trouvelot et al. (1986).

2.5. Gene expression analysis
Trizol (Invitrogen, Grand Island, NY, USA) was used to extract total
RNA from the roots following the manufacturer’s instructions. Three
micrograms of RNA was used for complementary DNA (cDNA) synthesis
using a RevertAid First-strand cDNA Synthesis Kit (Thermo Fisher Sci
entific, Waltham, MA, USA). The expression levels of RiMT-11 and
RiarsC were analyzed by quantitative real-time PCR (qRT-PCR) using an
ABI Prism 7300 Real-Time PCR System (ABI Inc., Carlsbad, CA, USA).
Twenty-five microliters of reaction medium was prepared using 12.5 μL
of 2×SYBR Premix Ex Taq (TAKARA Biotechnology Co. Ltd., Dalian,
China), 0.5 μL of Bovine Serum Albumin (TAKARA), 0.5 μL of ROX
reference dye (TAKARA), 2.5 mmol of each primer (Table S1), and 2 μL
of 5-fold diluted cDNA templates. cDNAs were replaced by RNA samples
and water as negative controls. Each sample was subjected to three
technical replicates. The qRT-PCR program was as follows: 95 ◦ C for
30 s, followed by 40 cycles of denaturation at 95 ◦ C for 5 s, annealing at
60 ◦ C for 30 s, and extension and data collection at 72 ◦ C for 30 s. cDNA
was serially diluted and run with the primer pairs to determine the ef
ficiency of amplification of each PCR product as an internal control.
Melting curves were produced to test the specificity of amplification.
Data were obtained using the 2− ΔΔCt formula (Pfaffl, 2001). GiTEF, the
translation elongation factor gene, was used as the internal reference
(Helber et al., 2011).

2.4. Arsenic speciation analysis
Arsenic species in plant tissues and silicone beads were extracted in
10 mL of 1% HNO3 using a microwave extraction system (Mars 5, CEM
Microwave Technology Ltd., Matthews, NC, USA). The digested samples
were then passed through 0.45 µm filters and analyzed for As species by
high-performance liquid chromatography-inductively coupled plasmamass spectrometry (HPLC-ICP-MS) (Agilent 7500, Agilent Technolo
gies Inc., Palo Alto, CA, USA). The chromatographic columns (Hamilton
Company Inc., Reno, NC, USA) contained a pre-column (11.2 mm,
12–20 mm) and an anion exchange column (PRP-X100 10-μm,
240 × 4.1 mm). The mobile phase was prepared using 10 mmol L− 1
3
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concentrations (30 and 300 μmol L− 1; Table S2; P < 0.01).

2.6. Statistical analysis
Data were statistically analyzed using SPSS 20.0 (SPSS Inc., Chicago,
IL, USA) and presented as the mean ± standard error. A t-test was per
formed between mycorrhizal and non-mycorrhizal treatments for
biomass and As(III) percentages in plants and Hoagland solutions, be
tween As addition and non-As addition treatments for gene expression,
and between plant tissues and Hoagland solutions for total DMA yields.
Fig. 1A was produced using Microsoft PowerPoint 365 (Microsoft Corp.,
Redmond, WA, USA). The photo in Fig. 1C was taken with a stereo
microscope (DP25, Olympus, Tokyo, Japan) at a magnification of ×50.
The other figures were produced using Origin Pro 2020 (OriginLab
Corp., Northampton, MA, USA).

3.2. Arsenic speciation
In general, inorganic As (iAs) was the main or the only form of As in
plant tissues, including roots, stems, and leaves, irrespective of AM
inoculation. Meanwhile, As(III) dominated the total As (Table S3,
Fig. 2A–C). The percentages of As(III) in plants and media between
inoculation and non-inoculation treatments at each As concentration
were compared. In plant roots, AM inoculation dramatically increased
the As(III) percentage under each As concentration, whereas in stems
and leaves, this increment was only observed under high As concen
trations (30 and 300 μmol L− 1; Table S3, Fig. 2A–C; P < 0.05 or
P < 0.01). In Hoagland solutions, As(V) was the main As species,
although mycorrhizal colonization markedly increased the percentages
of As(III) of the total As under relatively low As concentrations (0.3, 3,
and 30 μmol L− 1; Table S3, Fig. 2D; P < 0.05 or P < 0.01).
Organic As was not detected in any non-inoculation treatments nor
in mycorrhizal roots (Table S3, Fig. 2A–D). Except for a small amount of
DMA (0.29 mg kg− 1) detected in plant stems from one replicate of
inoculation and 3 μmol L− 1 As(V) treatment, methylated As was not
observed in the stems of mycorrhizal plants either (Table S3, Fig. 2B). In
addition, DMA was present in the leaves of mycorrhizal plants at 0.3, 3,
and 30 μmol L− 1 As addition levels, accounting for 5.5%, 3.7%, and
0.8% of the total As, respectively (Table S3, Fig. 2C). Additionally, DMA
was detected in all Hoagland solutions of inoculation treatments, ac
counting for 27.9%, 11.5%, 2.5%, and 0.3% of the total As, respectively

3. Results
3.1. Mycorrhizal colonization and plant growth
After 77 days of inoculation and the following 17 days of As(V)
exposure, the symbiont associating M. sativa and R. irregularis was suc
cessfully established under in vitro conditions (Fig. 1C). The mycorrhizal
colonization rate ranged from 42.67% to 59.91% among all inoculated
plants (Table S2). Mycorrhizal colonization was not observed in the noninoculated treatments. Mycorrhization significantly increased both
shoot and root dry weights at certain As addition levels (Table S2;
P < 0.01 or P < 0.05). With increasing As concentrations, both shoot
and root growth of M. sativa were suppressed, especially at high As(V)

Fig. 2. Percentages of arsenic (As) species in roots (A), stems (B), leaves (C), and culture solutions (D) of Medicago sativa inoculated with/without arbuscular
mycorrhizal (AM) fungus cultured under different arsenate concentrations (mean ± SE, n = 4). + M and − M represent inoculation with AM fungus and noninoculation control, respectively. * and ** indicate significant differences (P < 0.05 and P < 0.01, respectively) between corresponding + M and − M treatments
by t-test.
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(Table S3, Fig. 2D). Subsequently, the total yields of DMA in plant tissues
and Hoagland solutions were calculated. The total amounts of DMA in
plant tissues ranged from 0.05 to 0.21 μg, whereas in Hoagland solu
tions, they ranged from 1.50 to 8.48 μg or 12 to 30 times higher than
those in plant tissues (Fig. 3; P < 0.01).

methylation and reduction by AM fungi is very scarce. By using rootorgan cultivation and heterologous gene expression experiments, our
previous studies verified As methylation, volatilization, and reduction in
AM symbiosis (Li et al., 2018a, 2018c). Following these significant
progresses, the present study successfully developed an in vitro culti
vation apparatus to establish symbiont between the AM fungus
R. irregularis and M. sativa with photosynthetic tissues to maximally
simulate natural situations. The results strongly confirmed the capa
bility of AM symbiosis in As transformation and volatilization, regulated
by the As(III) methyltransferase gene RiMT-11. We also discovered that
after transforming exogenous As(V), AM symbiosis tended to release the
generated As(III) and methylated As to the environment rather than
transfer them to plant tissues to minimize their uptake, thus enhancing
plant As resistance.
By using the association of R. irregularis and Agrobacterium rhizogenes
(Ri T-DNA) transformed Daucus carota roots (the root-organ culture
method), our previous study demonstrated that AM fungi could meth
ylate and volatilize iAs regulated by the As(III) methyltransferase gene
RiMT-11 (Li et al., 2018c). Owing to the absence of the photosynthetic
tissues, however, the root-organ culture method has limitations when
studying the comprehensive process of As metabolism in AM symbioses.
For example, what is the ultimate form of methylated As in AM symbi
oses, or what is the fate of the produced methylated As? In the present
study, mycorrhizal association of R. irregularis with the entire M. sativa
plant was established to investigate the As transformation and volatili
zation under axenic conditions. Similar to the previous results, meth
ylated As was only detected in the inoculation treatment, suggesting that
methylated As originated from the AM fungus. In the root-organ
experiment, methylated As in the symbiont mainly existed in mycor
rhizal roots. By contrast, in the present study, methylated As was not
detected in any form in the mycorrhizal roots, not even in the stems.
Almost all methylated As in the symbiosis, in the form of DMA, existed in
mycorrhizal plant leaves. It is possible that the As-phytochelatins (PCs)
complexation strategy in plants was ineffective for DMA, resulting in its
high mobility (Ye et al., 2010; Tang et al., 2015). With the unbroken
vascular system of M. sativa, DMA had a lengthy translocation from roots
to leaves in our present experimental system. Furthermore, MMA, which
is an intermediate product of As methylation (Waters et al., 2004), could
be detected using the root-organ culture method. However, it was not
found in the present culture system. These results are consistent with
most of the pot experiments using different plants and AM fungal species
(Zhang et al., 2015; Li et al., 2016, 2018b), which demonstrated that it
was difficult to accumulate MMA in the intact AM symbioses, suggesting
that MMA was possibly the intermediate product and rapidly converted
into DMA during As methylation. We also discovered the existence of
DMA in the liquid medium cultivating inoculated plants. From calcu
lations of the amounts of the DMA produced, 92.57–100% of the total
generated DMA were detected in the Hoagland media, whereas 0% to
only 7.43% of them were translocated to plant tissues.
Unexpectedly, with increasing As(V) concentrations, the amounts of
DMA in plant tissues did not show a rising trend. In contrast, a signifi
cant positive correlation was observed between As(V) addition levels
and DMA amounts in Hoagland solutions (R2 = 0.944, P = 0.028),
indicating that AM symbiosis excreted most of the yielded methylated As
to the environment rather than translocating them to the plants. This is
regarded as one of the As detoxification mechanisms for AM symbioses.
Moreover, RiMT-11, which was previously verified to methylate iAs in
our heterologous expression experiment, was substantially upregulated
in mycorrhizal roots with As(V) addition, accompanied by simultaneous
higher yields of DMA, providing more evidence of the involvement of
RiMT-11 in As methylation in AM symbionts.
The present study also provided direct evidence of AM symbiosis
involving As volatilization, which suggested that TMAs were the
dominant form of gaseous As. Similar to the results of the root-organ
experiment (Li et al., 2018c), volatile As was only detected at high As
addition levels (30 and 300 μmol L− 1), and RiMT-11 also showed

3.3. Arsenic volatilization
In addition to the detection of methylated As in plant tissues and
Hoagland solutions, volatile methylated As was also examined from the
AM symbioses. No gaseous As was found in inoculation treatments at
relatively low As addition levels (0.3, and 3 μmol L− 1) or in noninoculation treatments. A total of 17.67 ng of trimethylarsine (TMAs),
identified as TMAO, was detected from the air of the mycorrhizal plants
under the As(V) concentration of 30 μmol L− 1, making up 0.44% of the
total methylated As (Fig. 4A, B). Moreover, at the 300 μmol L− 1 As(V)
concentration, we detected both TMAs and dimethylarsine (DMAsH),
identified as DMA, at 164.15 ng and 8.82 ng, respectively, totaling 2.0%
of the methylated As (Fig. 4A, B).
3.4. Gene expression in mycorrhizal roots
The expression of the As(III) methyltransferase gene, RiMT-11, and
the As(V) reductase gene, RiarsC, in plant roots exposed to different
doses of As(V) was measured. The transcripts of RiMT-11 and RiarsC
were not observed in non-mycorrhizal roots. Compared with the non-As
addition treatments, As(V) exposure dramatically upregulated RiMT-11
expression in mycorrhizal roots. In addition, it was expressed increas
ingly with increasing As(V) concentrations, especially at the concen
tration of 300 μmol L− 1 As(V), in which RiMT-11 was upregulated by
circa 737-fold compared to the non-As treatments (Fig. 5A; P < 0.05 or
P < 0.01). However, no variation in RiarsC expression in mycorrhizal
roots was observed under the five concentrations of As(V) exposure
(Fig. 5B).
4. Discussion
Owing to the ubiquity and toxicity of As, both prokaryotes and eu
karyotes have evolved strategies for As detoxification. Two representa
tive steps are As reduction and methylation. AM fungi have been
demonstrated to improve plant As tolerance, but direct evidence of As

Fig. 3. The amounts of dimethylarsinic acid (DMA) produced by arbuscular
mycorrhizal (AM) symbiosis in plant tissues and culture solutions under
different arsenate concentrations (mean ± SE, n = 4). ** indicates significant
differences (P < 0.01) between plant tissue and culture solution by t-test. nd,
not detected.
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Fig. 4. High-performance liquid chromatography–inductively coupled plasma–mass spectrometry (HPLC-ICP-MS) spectrum (A) and total (B) of arsenic species
volatilized by arbuscular mycorrhizal (AM) symbiosis cultured under different arsenate concentrations. The error bars indicate standard errors of four replicates.

higher expression levels. Arsenic methylation is a continuous process.
Along with a series of methylation and redox reactions, mono-, di-, and
trimethylated As would be synthesized consequently (Challenger, 1945;
Hayakawa et al., 2005). We speculate that high concentrations of As(V)
exposure induced high accumulations of RiMT-11 transcripts and suffi
cient synthesis of methyltransferase, resulting in increased yields of
TMAs, the ultimate products of As methylation (Marapakala et al.,
2012).
In general, As methylation is regarded as an important detoxifying
process since pentavalent methylated As is less toxic than iAs (Hirano
et al., 2004; Akter et al., 2005). However, recent studies demonstrated
that methylated As exhibited an entirely opposite toxicological effect on
plants, in which methylated As, especially DMA, was much more toxic
than iAs, especially to the reproductive organs (Tang et al., 2015, 2020).
Similarly, the exogenous introduction of microbial methyltransferase
genes to plants also caused contrasting effects on plant As resistance.
These inconsistencies may be due to the plant species, soil redox sta
tuses, or activity of methyltransferases (Meng et al., 2011; Tang et al.,
2016; Verma et al., 2016). Although AM fungi are known to improve
plant As resistance, they also produce more phytotoxic DMA, which was
subsequently detected in plant tissues. This paradoxical phenomenon is
possibly because, despite high phytotoxicity, DMA has a much lower
uptake efficiency than iAs. In contrast, plant roots have specific iAs
transporters, most of which are involved in essential physiological
processes of plants, such as phosphate uptake, thus greatly improving
the uptake rate of iAs (Shri et al., 2019). Furthermore, until now,
methylated As transporters have not been identified from the AM sym
biotic interface, indicating that DMA may have less potential to enter
plant cells and thus cause toxicological effects. The present study
showed that DMA predominately existed in the culture media rather
than in the plant tissues. This pump-out process of methylated As seems
to be another strategy for As detoxification to minimize the uptake of
environmental As in AM symbiosis. Additionally, As volatilization is
considered an effective approach for plants to avoid As accumulation
(Verma et al., 2016). In the present study, under 300 μmol L− 1 As(V),
approximately 2% of the methylated As was volatilized. Although it was
not a large amount, it revealed the potential that when soil As content is
high, AM symbionts have the capability to remove excessive As to the
atmosphere, thereby alleviating As phytotoxicity. In addition, as a
detoxifying process, methylation can also generate trivalent methyl
arsenites as intermediate or ultimate products, whose toxicity even ex
ceeds that of iAs. Chen et al. (2017) suggested that the methyltransferase
evolved to produce extremely toxic trivalent As species functioning as
antibiotics to kill competitors in the primordial anaerobic earth. With

Fig. 5. Relative expressions of RiMT-11 (A) and RiarsC (B) in mycorrhizal roots
of Medicago sativa cultured under different arsenate concentrations (mean ± SE,
n = 4). * and ** indicate significant differences (P < 0.05 and P < 0.01,
respectively) compared with the 0 μmol L− 1 As(V) treatment by t-test.
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increasing oxygen content in the atmosphere, the trivalent forms were
nonenzymatically oxidized to pentavalent methylarsenicals, trans
forming methylation into a detoxifying process. As a very ancient
mutualistic fungus as well, whether AM fungi originally evolved the
ability of As methylation to benefit plants and themselves by killing off
the pathogenic microbes remains a research topic of great interest.
As a universal As detoxifying mechanism, As(V) reduction is
commonly found both in prokaryotes and eukaryotes. Plants take up As
in the forms of As(V) and As(III) via certain channels. Through cata
lyzation by As(V) reductase, As(V) is subsequently reduced to As(III),
which is then pumped out of plant cells or immobilized by vacuolar
sequestration (Shri et al., 2019). Therefore, in general, As(III) is the
predominant As form in plants. However, it is also influenced by the
activity of reductases or the capability of plants to synthesize complex
compounds. For example, in a study by Meng et al. (2011), As(III) pre
dominated in rice shoots, whereas Li et al. (2011) found completely
opposite results. Our results showed that As(III) was the dominant As
species in plant tissues, regardless of the location examined (i.e., roots,
stems, or leaves). Furthermore, As(III) proportions increased in the
culture media of mycorrhizal treatments under 0.3, 3, and 30 μmol L− 1
As(V) exposure, suggesting that AM inoculation might enhance the
process of As(V) reduction in AM symbiosis. It might even be possible
that AM fungus was directly involved in As(V) reduction. Using syn
chrotron radiation spectroscopic analysis, González-Chávez et al. (2014)
for the first time reported As(V) reduction by AM extraradical mycelium
and the excretion of As(III), complexed with a reduced iron(II) carbon
ate compound, to the surrounding medium. This discovery explains why
there were higher As(III) concentrations in the media of mycorrhizal
treatment. González-Chávez et al.’s model also suggested that the
extraradical mycelium took up and pumped out As at a high rate of
speed and never translocated As to AM intraradical structures or plant
roots, revealing a protective mechanism of preventing plants from tak
ing up excessive As. However, the present study showed that AM inoc
ulation increased the As(III) proportion in roots in each As(V) treatment
and in stems and leaves under relatively high As(V) concentrations. We
postulate that AM fungus raised the medium As(III) concentrations so
that the plant absorbed more As(III) to its tissues directly by the roots. In
addition, it seems that plants preferentially retained As(III) in their roots
and did not tend to translocate it to their shoots unless the external As
concentration was high, thus relieving As phytotoxicity to a certain
extent. Although the presence of AM fungus improved As(III) pro
portions both in the plants and the external media, we cannot calculate
how much As(III) was directly generated by the AM fungi, since
numerous investigations have revealed that plant metabolism could also
be regulated by AM fungi (Alam et al., 2019; Jung et al., 2019). For
instance, AM inoculation inhibited the transformation of As(III) to As(V)
in rice roots, thus increasing the plant As(III) percentage (Liu et al.,
2010; Chen et al., 2012), and AM fungi promoted the biosynthesis of
foliar metallothionein, which might immobilize more As(III) in leaves
(Cicatelli et al., 2010). In our previous work, a putative As(V) reductase,
RiarsC, was identified in R. irregularis. Heterologous expression verified
that the introduction of RiarsC enhanced the As(V) resistance of E. coli
and improved its capability for As(V) reduction (Li et al., 2018a).
Nevertheless, in the present study, the variable As(V) concentrations did
not alter the expression of RiarsC. These results were highly consistent
with those of Maldonado-Mendoza and Harrison (2018), who also
demonstrated that the complementation of RiarsC to the yeast mutant
did not restore its As resistance. Phylogenetic analysis indicated that
RiarsC encoded an As(III) reductase more homologous to those from
prokaryotes (Li et al., 2018a). It is possible that RiarsC would be more
likely bacterial instead of fungal in origin. Therefore, we cannot
conclude that RiarsC encodes a functional gene of As(V) reductase in
R. irregularis, even though AM inoculation increased the proportions of
As(III) in the plants and the culture media. The gap in knowledge
regarding As reduction in AM fungi still remains and further investiga
tion is still needed to understand the mechanism of As reduction in AM

symbioses.
5. Conclusions
In brief, the present study is the first to investigate the process of As
methylation, volatilization, and reduction in the intact AM symbiosis
under axenic conditions. It was shown that AM associations could
directly methylate and volatilize iAs to a range of organic forms,
including DMA, DMAsH, and TMAs, regulated by RiMT-11. AM symbi
osis released most of the DMA to the environment, especially under high
As(V) concentrations, which also induced high expression of RiMT-11,
along with increased production of volatile As. Gaseous As was mainly in
the form of TMAs. In addition, AM inoculation led to increased As(III)
production in plants and had the potential to excrete As(III) out of plant
tissues. These results could lead to a deeper insight into As metabolism
and detoxification in AM associations.
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