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The protective mechanisms employed by arbuscular mycorrhizal fungi (AMF) to reduce the
toxic effects of arsenic on host plants remain partially unknown. The goal of this research
was identifying the in situ localization and speciation of arsenic (As) in the AM fungus Rhizo-
phagus intraradices [formerly named Glomus intraradices] exposed to arsenate [As(V)]. By using
a two-compartment in vitro fungal cultures of R. intraradices-transformed carrot roots, micro-
spectroscopic X-ray fluorescence (u-XRF), and microspectroscopic X-ray absorption near
edge structure (u-XANES), we observed that As(V) is absorbed after 1 h in the hyphae of
AMEF. Three hours after exposure a decrease in the concentration of As was noticed and after
24 and 72 h no detectable As concentrations were perceived suggesting that As taken up was
pumped out from the hyphae. No As was detected within the roots or hyphae in the root com-
partment zone three or 45 h after exposure. This suggests a dual protective mechanism to the
plant by rapidly excluding As from the fungus and preventing As translocation to the plant
root. p-XANES data showed that gradual As(V) reduction occurred in the AM hyphae between
1 and 3 h after arsenic exposure and was completed after 6 h. Principal component analysis
(PCA) and linear combination fitting (LCF) of u-XANES data showed that the dominant species
after reduction of As(V) by R. intraradices extra-radical hyphal was As(IlI) complexed with are-
duced iron(Il) carbonate compound. The second most abundant As species present was
As(V)—iron hydroxides. The remaining As(Ill) compounds identified by the LCF analyses sug-
gested these molecules were made of reduced As and S. These results increase our knowledge
on the mechanism of As transport in AMF and validate our hypotheses thatR. intraradices di-
rectly participates in arsenic detoxification. These fungal mechanisms may help AMF colo-
nized plants to increase their tolerance to As at contaminated sites.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are the dominant benefi-
cial symbionts colonizing roots of more than 90 % of the
world’s plant genera (Smith & Read 2008). In metal(loid) pol-
luted soils, many plant species adapted to grow on these sites
are colonized by these fungi possibly playing a central role in
ameliorating toxicity of these pollutants (Zarei et al. 2008;
Gonzalez-Chavez et al. 2009; Ortega-Larrocea et al. 2010). Since
AMF have a predominant role in acquiring phosphate for my-
corrhizal associations and arsenate is a chemical analogue of
phosphate, it might appear paradoxical that AMF potentially
enhance arsenate uptake while also increasing arsenate toler-
ance for the plant host (Gonzalez-Chavez et al. 2002, 2011;
Smith et al. 2010). Recent research has focused on the effects
of As accumulation and growth of mycorrhizal plants com-
pared to non-mycorrhizal plants, as well as the effects of As
on fungal colonization (Ahmed et al. 2006; Chen et al. 2007;
Xia et al. 2007; Dong et al. 2008). The protective mechanisms
employed by AMF to reduce the toxic effects of As on host
plants remain unknown. Meharg (2003) suggested that mycor-
rhizal fungi employ the same mechanisms found in other mi-
croorganisms to reduce the toxic effects of As by relying on As
exclusion. Meharg (2003) hypothesized that the fungus
achieves As resistance by reducing arsenate (As(V)) to arsenite
(As(III)) followed by actively pumping As(III) out of the fungal
cells. In a study on arsenate resistance of Holcus lanatus con-
ferred by AMF, Gonzdlez-Chavez et al. (2002) found that all
AMF strains tested conferred additional As tolerance. They
suggested that arsenate influx was reduced in H. lanatus plant
roots by the suppression of high-affinity arsenate/phosphate
transporters thereby decreasing arsenate uptake. Ultra et al.
(2007) hypothesized that AMF may be involved in the transfor-
mation of inorganic As to less toxic organic forms which con-
sequently led to decreased As uptake by sunflower plants. A
limitation of these studies was no way to delineate the plant
host or AMF As detoxification mechanisms.

More recently, our research group identified a gene with
high similarity to a putative As efflux pump (GiArsA)
expressed in arbuscules and the extra-radical hyphae of Rhizo-
phagus intraradices [formerly named Glomus intraradices]
(Gonzalez-Chdvez et al. 2011). Based upon Gonzalez-Chdvez
et al. (2011) we proposed the following As detoxification mech-
anism in fungi. First, As(V) absorbed by the fungal hyphae
symbiont via a high-affinity phosphate transporter (GiPT) is
transformed by a still unknown putative As(V) reductase to
produce As(Ill). Next, the As(IIl) is translocated to the extra-
radical hypha and effluxed outside the plant’s rhizosphere
by a membrane-bound As(Ill) pump designated GiArsA/B.
However, without evidence, our hypothesis was the reduc-
tion, translocation, and elimination of As(Ill) as a detoxifica-
tion effect on the plant host thereby increasing the fitness of
both symbionts and enhancing plant As tolerance.

The goal of this research was to acquire more information
on the possible mechanisms AMF evolved in arsenic tolerance
through the in situ localization and speciation of As in the AM
fungus R. intraradices and mycorrhizal roots exposed to As(V).
Rates of As uptake were reported in (Gonzalez-Chavez et al.
2011). Under the proposed molecular model for R. intraradices

about As detoxification (Gonzalez-Chavez et al. 2011), the pres-
entresearch gives additional in situ data on As localization and
speciation supporting the molecular evidence and validating
our proposed model for arsenate transport in arbuscular my-
corrhiza: R. intraradices is able to reduce As(V) and pump it
out from the extra-radical mycelium.

Material and methods

Transformed carrot roots-Rhizophagus intraradices
arbuscular mycorrhizal cultures

Plant material, fungal species, and axenic cultures used in this
study were the same as reported by Gonzalez-Chavez et al.
(2011). Briefly, two-compartment Petri dishes containing
transformed carrot root-R. intraradices arbuscular mycorrhizas
were established (Fig S1A, Supplementary data). The plant
compartment containing solid M medium (St-Arnaud et al.
1996) was inoculated with roots and 2 weeks later, they were
inoculated with R. intraradices spores. At 3 weeks after inocu-
lation, M solid medium without sucrose was added to the sec-
ond compartment. The plates were incubated in the dark at
25 °C. After 4 weeks, extra-radical hyphae were developed
around the roots in the first compartment (root-hyphae com-
partment; RHC) and grew into the solid media in the second
hyphal compartment (HC). At this stage, colonization of the
roots was estimated by the modified grid-intersect method
(McGonigle et al. 1990), and the average colonized root length
was 56 %, with an average deviation from the mean of 10 %.
At this point (10 weeks of culture), phosphate was depleted
from the solid media (Maldonado-Mendoza et al. 2001). Plates
of this age and phosphate condition were used in all experi-
ments. This unique system allowed us to conduct the current
in situ study.

Time-course kinetics for arsenate exposure

A dose of 350 uM arsenate (NaH,AsO,) was directly added via
a pipette to plates containing abundant extra-radical hyphae
(=10 mg) in the HC. The time-course reactions were estab-
lished at 0, 1, 3, 6, 24, and 72 h and the resultant treatments
were: (1) the extra-radical hyphae from HC; which were di-
rectly treated with arsenate; (2) the extra-radical hyphae and
mycorrhizal roots from RHC; which might receive arsenate in-
directly by the hyphae from the HC. Reactions were stopped at
the different times by separating the extra-radical mycelium
or colonized roots from the solid medium. This was done care-
fully and avoiding disturbance by cutting with a scalpel the
solid medium from both compartments. Extra-radical hyphae
or mycorrhizal roots were separated by hydrolyzing the me-
dium with a 10 mM citric acid solution for approximately
1 min followed by filtration through a 30 pm nylon mesh,
rinsed three times with sterile and deionized water, and care-
fully dried with paper towel. Vital staining of fungal hyphae
was carried out in all the experiments by nitro blue tetrazo-
lium (NBT)-succinate test (Schaffer & Peterson 1993). Experi-
ments were performed twice using three Dbiological
replicates each time with similar results. Data sets from
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a single experiment are shown. Fungal tissue at 24 and 72 h
was inspected under the light microscope at 100 and 400x to
check for bacterial contamination. No obvious signs of other
microorganism contamination were observed. In parallel ex-
periments bacterial contamination has been discarded by
plating in Luria Bertani medium (LB) and potato dextrose
agar medium (PDA) rich media the M medium surrounding
the external hyphae.

In situ micro-XAFS and micro-XRF analyses

One can employ an array of techniques to address speciation;
however, true in situ analysis is limited to a few options such
as advanced synchrotron radiation methods to elucidate
metal speciation and distribution (Scheckel 2006). High-
energy synchrotron X-rays were used to attain in situ atomic
level information on the distribution and speciation of arsenic
in the extra-radical hyphae of Rhizophagus intraradices and my-
corrhizal colonized roots. Microspectroscopic X-ray fluores-
cence (u-XRF) and microspectroscopic X-ray absorption near
edge structure (u-XANES) spectra were collected at Sector 20-
ID (PNC/XOR) at the Advanced Photon Source, Argonne Na-
tional Laboratory operating at 7 GeV in top-up mode. Sector
20-ID uses a liquid nitrogen cooled Si (1 1 1) double crystal
monochromator that was calibrated using American Chemi-
cal Society (ACS) grade sodium arsenate (11 874 eV).

The hyphal mass, from HC compartment obtained from
the time-course experiments, was first inspected under a dis-
secting scope (Fig S1B and C, Supplementary data), and then
mounted within two pieces of Kapton tape. The taped samples
were initially mounted within a Linkam® cryostat stage to pre-
vent beam-induced artifacts; however, ice formation on the
stage window prevented the use of the cryostat. Instead, the
taped samples were mounted on a sample holder and placed
directly in the beam for analyses.

Large u-XRF maps (1000 um?) of the fungal biomass were
collected at 12 200 eV with 10 um steps at 0.5 s integration
for elemental distribution including As and Fe. After As hot
spots were located, small u-XRF maps were collected at
50 um? with 5 um steps and 0.3 s integration time. Once As
hot spots were determined on the small p-XRF maps, u-XANES
spectra were collected at 0.5 eV steps around the absorption
edge —10 through 30 eV (full scans —150 through 500 eV)
with an ACS grade sodium arsenate (11 874 eV) reference for
calibration. The p-XRF maps and u-XANES spectra were col-
lected in fluorescence mode using a Vortex-ME4 four-element
silicon drift detector. n-XANES spectra with absorption edge
steps <0.01 units were considered to be below the detection
limit in our experiments and no further analyses were per-
formed. u-XRF mapping and pu-XANES analyses were collected
in the HC of samples 1, 3, 6, 24, and 72 h after As(V) addition. p-
XRF mapping and p-XANES analyses from tissue masses con-
taining roots and hyphae from RHC 3 and 45 h after exposure
to As(V) in the hyphal zone (HC) were also collected.

Preliminary results demonstrated that beam-induced re-
duction of As(V) within the fungal samples had occurred dur-
ing u-XANES analyses (Fig S2, Supplementary data). Therefore
one or two scans were collected at multiple spots for each
sample, the energy was calibrated against sodium arsenate
standard for each sample then merged (if no reduction was

detected), and normalized using Athena software (Ravel &
Newville 2005). Principal components analyses (PCAs) were
performed in Sixpack (Webb 2005) on the normalized scans
and target factor analyses of each arsenic standards were per-
formed to determine the most appropriate standards to be
used for linear combination fitting (LCF) analyses. Eighteen
As standards were analyzed including a mix of minerals and
organic As compounds were used for target factor analysis.
Supplemental Table S1 lists the standards, peak positions,
and SPOIL values derived from our PCAs. Six As standards
with SPOIL values less than 3.0 were used in the LCF analyses
including arsenite sorbed to siderite, arsenite sulfide, arseno-
pyrite, dimethylarsinic acid (DMA), sodium arsenate, and ar-
senate sorbed to ferrihydrite (Table S1, Supplementary data).
The LCF models were fit using the normalized and derivative
spectra at —10 to 25 eV relative to the absorption edge, stan-
dards were not constrained to using a single EO shift, and
weighting factors were constrained to values between 0 and
1, and ‘Fit All Combinations’ with at most 3 standards. The re-
sults of the LCF analyses generated models with the best fit in-
dicated by the lowest R-factor and reduced chi square values.
The LCF models predict the As speciation at each spot within
the hyphal mass as percentages of the reference arsenic stan-
dards. Predicted As phases within the hyphal mass are depen-
dent upon the a priori choice of As standards. There are many
different As biochemical compounds and previous research
has demonstrated the difficulty of resolving these compounds
with XANES analysis (Smith et al. 2005). Therefore we will refer
to the results of the LCF fitting as As(IIl) iron carbonate (arse-
nite sorbed to siderite), As(IIl) sulfide (arsenite sulfide), As(III)
iron sulfide (arsenopyrite), DMA, sodium arsenate (NaAs(V)),
and As(V) sorbed iron hydroxide (arsenate sorbed to ferrihy-
drite) (Fig S3, Supplementary data).

Results
u-XRF mapping

Elemental mapping of Rhizophagus intraradices demonstrated
an uptake of As soon after the extra-radical hyphae were
spiked with As(V) in the HC, but the concentration of As de-
clined over 24 h. There was no As fluorescence from the
extra-radical hyphae in the control plates but Fe fluorescence
appears diffuse throughout the extra-radical mycelium (Fig 1).
One hour after As(V) was added to the HC, As and Fe fluores-
cence appear diffuse throughout more than 80 % of the map-
ped area. The relationship between As and Fe fluorescence
decreased 3 h after As(V) addition, with few areas of co-
occurrence between As and Fe at 6 and 24 h after spiking. After
24 h the majority of As has been effluxed out from the extra-
radical mycelium and washed away. The Fe appears to have
remained within the extra-radical mycelium and accumu-
lated on globular surface of spore walls appearing greenish
yellow (in the web version) in Fig 1 plate 24 h. Through 24 h
of exposure, As never appeared to be stored in the extra-
radical mycelium or spores (Fig 1).

Many unsuccessful attempts were made to detect As in the
RHC at 3 and 45 h after As(V) additions. Root tips were selected
nearest the HC with the intention of maximizing the
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Fig 1 — Elemental mapping of five different Glomus intraradices extra-radical hyphae masses exposed to As(V) over 24 h. Each
image is 1000 x 1000 um (10 um steps with 0.5 s integration). The colour is in arbitrary units: black and white corresponding
to the lowest and highest relative concentrations. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.).

likelihood of detecting transported As. Additionally, p-XRF
mapping was performed on sparsely spaced individual hyphal
strands; however, the As concentrations were below detec-
tion. White hot spots, like the one shown in the control images
(Fig 1) and 3 h after As(V) addition, have abnormally high con-
centrations of all elements mapped and are likely from exag-
gerated X-ray absorption of denser entrained agarose gel not
washed away (Fig S4, Supplementary data).

u-XANES analyses

The As(V) spiking solution was analyzed and determined to
only contain As(V) (Fig 2). Arsenic was reduced to As(III) within
1 h of As(V) addition to the HC. The u-XANES spectra suggest
and PCAs confirmed that as many as two As species were
detected in the spectra collected at the eight spots analyzed
(Fig 2). Following p-XRF mapping of the Rhizophagus intraradi-
ces extra-radical mycelium after 1 h, p-XANES analyses and
LCF predictions suggest that >50 % of the As present was
As(I1I). Similarly 3, 6, or 24 h after As(V) addition, the dominant
As species remained as As(III) followed by As(V) (Table 1).
The LCF results suggest that the dominant arsenic species
present in the extra-radical mycelium most closely matched
the standard As(III) bound to an iron(II) carbonate (Table 1). Fol-
lowing As(IIl), the dominant species present at each spot was
predicted to be As(V) bound as an iron(Ill)-hydroxide like com-
pounds. Three times (1, 6, and 24 h) throughout the

experiment, other reduced As(IIl) phases were predicted to be
present, notably As(III) bound to sulphur compounds (Table 1).

Discussion
u-XRF

Arsenic accumulation and transformation are dynamic and
complicated process, which cannot be simply explained by
the total arsenic concentration detected at a specific time (Li
et al. 2012). Likewise, different As species in the environment
may affect the exposure response of Rhizophagus intraradices
and the host plants. Our results were taken during a time-
course experiment in order to gain a better understanding of
the As transport mechanisms occurring in an AMF. Arsenate
appears uniformly throughout the extra-radical mycelium
1 h after exposure to As(V) spiking solution (Fig 1). Scans col-
lected 3 h after exposure showed a decrease in the concentra-
tion of As suggesting that As that had been absorbed was
effluxed from the hyphae and washed away during the disso-
lution of the agar. The mapped p-XRF images at both 5
and10 um step sizes showed a very diffuse distribution of
As. Therefore it suggests that As was not stored within
extra-radical mycelium or spores.

While As uptake was fast, it was also rapidly pumped out
from the extra-radical mycelium. The marked decrease in As
beginning 3 h after exposure and the undetectable As
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Fig 2 — Normalized (A) and derivativized (B) u-XANES data of
Glomus intraradices in vivo reduction of arsenate over time.
The vertical lines are at 11 868, 11 870, and 11 875 eV.

concentrations at 24 and 72 h demonstrates that R. intraradices
is not retaining detectable concentrations of As within fungal
tissues. Further, detectable concentrations were not noticed
for As absorbed within cell walls of the hyphae or spores after
24 h of exposure unlike iron (Fig 1).

Previous research has documented the potential for As ad-
sorption to fungal walls and spores of filamentous fungi
(Gadd 2004; Srivastava et al. 2011). However, in this study it
is highly unlikely that As would remain adsorbed to fungal

walls. The high ionic strength of the citrate washing solution
(10 mM) used to obtain the extra-radical hyphae masses
would through mass action remove As anions from these
surfaces and complex any bridging cations coupling As to
fungal walls.

When As was supplemented to the HC, no As was detected
within the roots or the extra-radical mycelium in the RHC. We
attempted to identify As within the RHC of the cultures 3 and
45 h after exposure to As(V) without any success. The rapid ex-
clusions of the absorbed As would limit toxicity to both sym-
bionts. These results suggest either the fungus prevented As
translocation to the plant root, or if there was As transporta-
tion to the root, it was undetectable in our experiment. Both
scenarios result in the fungus providing dual protective mech-
anisms to the plant. First, As(V) in many plants can be
absorbed in the same transport channels used for P uptake
(Ullrich-Eberius et al. 1989; Meharg & Hartley-Whitaker 2002;
Shin et al. 2004). Rapid absorption of As(V) and reduction to
As(IIl) by R. intraradices extra-radical mycelium or arbuscules
within the root may reduce As(V) availability and hence
As(V) uptake directly by plant P transporters. This mechanism
is similar to the As exclusion mechanism suggested in ericoid
mycorrhizal fungi by Sharples et al. (2000). Second, As taken up
by R. intraradices appears to be rapidly excluded out of the fun-
gus and not transported back to the root with water and ben-
eficial nutrients. Rapid uptake by the fungal symbiont and
reduction of As(V) decreases the likelihood of exposure to
the host plant, which would decrease the health impacts to
both symbionts. This is in accordance to Smith et al. (2010), in-
dicating that As is not transferred to the root cells themselves
or translocated to the shoots. Low arsenic translocation may
also be a mechanism restricting root As uptake and conferring
enhanced host plant tolerance as suggested by Xu et al. (2008)
and Chen et al. (2007). Several authors have reported lower As
concentrations in AM roots than non-mycorrhizal roots and
consequently in shoots (Gonzalez-Chavez et al. 2002; Leung
et al. 2006; Chen et al. 2007) which would alleviate As toxicity
in mycorrhizal roots.

u-XANES

Reduction of arsenate followed by efflux of As(III) is an impor-
tant mechanism of arsenic tolerance employed by microor-
ganisms (Salt & Norton 2008). In relation to this, several
authors have suggested that AMF might increase the efflux
of As(Ill) from mycorrhizal roots (Gonzalez-Chavez et al.
2002, 2011; Chen et al. 2007; Smith et al. 2010); however, no di-
rect evidence of arsenic reduction by AMF has been reported
previously. Our results demonstrate conclusively that Rhizo-
phagus intraradices is responsible for the reduction of As(V) in
the extra-radical hypha. Previous research has demonstrated
that R. intraradices expresses a gene with high similarity to
a putative As efflux pump (GiArsA) in arbuscules and the
extra-radical hyphae (Gonzalez-Chavez et al. 2011). Previous
research (Sharples et al. 2000) has also shown As reduction
within an hour of exposure by an ericoid mycorrhizal symbi-
ont: Hymenoscyphus ericae, isolate cultured from As contami-
nated soil. Rapid uptake and reduction could be beneficial to
the host plant if As(III) is not readily absorbed by the plant.
However, As(Ill) is more mobile than As(V) in acidic soils and
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Table 1 — Results of LCF models and prediction of minerals present (%).

Arsenic exposure to HC LCF results R-factor = Reduced
Time Location As(Ill)—iron  As(lll)-iron  As(ll)—sulfide  As(V)—iron Na As(V) chisq.
elapsed of scan carbonate sulphate hydroxide

Oh Solution = = = = 100 % = =

1h Spot 1 54 % = = 46 % = 0.0027 0.0034
1h Spot 2 80 % = 20 % = = 0.0032 0.0030
3h Spot 1 89 % = = 11 % = 0.0014 0.0024
3h Spot 2 59 % = = 41 % = 0.0033 0.0084
3h Spot 3 92 % - - 8% = 0.0010 0.0017
6h Spot 1 92 % 8% = = = 0.0012 0.0019
6h Spot 2 88 % - - 12 % = 0.0027 0.0044
24h Spot 1 77 % = 23 % = = 0.0017 0.0027
72 h Below detection limits

controlled in part by Fe-minerals (Herbel & Fendorf 2006;
Mitsunobu et al. 2008). Therefore, depending upon in situ con-
ditions reduction to As(IIl) may increase the leaching of As out
of the rhizosphere, thus increasing the potential health of
both symbionts.

Our results suggest the dominant species present after re-
duction of As(V) by R. intraradices extra-radical hyphae was
As(III) complexed with a reduced iron(II) carbonate compound
(Table S1, Supplementary data). Previous research has dem-
onstrated the difficulty of resolving different biological As
compounds with p-XANES analysis (Smith et al. 2005); further-
more, the determination of As speciation is limited to the ref-
erence materials utilized and we did not have a large variety of
reduced As organic standards in our study. However, fungi are
capable of precipitating a variety of oxide and carbonate min-
erals in soil when grown in axenic conditions (Magyarosy et al.
2002; Burford et al. 2003; Miyata et al. 2004; Fomina et al. 2007;
Gadd 2007). Further analyses are needed to confirm the exact
forms of As(Ill) complexed with a reduced iron(II) carbonate.

After As(IIl)—iron carbonate adsorption, the most abundant
As species present in fungal tissues was As(V)—iron hydrox-
ides. The presence of As(V) bound to iron compounds was ex-
pected since these cultures were grown in an oxidizing
environment in the presence of Fe. We cannot say with abso-
lute confidence that this pool of As(V) bound to iron was
within or outside the extra-radical mycelium. However, cit-
rate is capable of chelating Fe and dissolving of amorphous
iron oxides (Cornell & Schwertmann 2003) resulting in the
concurrent release of As. It therefore seems most probable
that the As(V)—iron hydroxide is within the fungus as the p-
XRF maps (Fig 1) clearly show consistent Fe signals before
and after citrate exposure.

Wright & Upadhyaya (1996) reported that the extra-radical
mycelium produces a glycoprotein (glomalin) which accumu-
lates abundantly outside of the extra-radical mycelium during
active fungal growth. Glomalin is rich in iron, hence this fun-
gal product may be related with As in a manner analogous to
iron plaque observed on root surfaces. This has been reported
in many wetland plants and correlated to arsenic tolerance
(Meng et al. 2002; Chen et al. 2005). Iron oxides have high affin-
ity for this element, being greater for As(V) than for As(Ill)
(Meng et al. 2002). Li et al. (2012) reported that rice genotype
TD71 forms more iron plaque on its root surface whilst

possessing greater arsenic tolerance than the Xiushuill rice
genotype. However, further work is needed to learn if gloma-
lin is involved in metal tolerance as iron plaque in roots.

The remaining As(Ill) compounds identified by the LCF
analyses suggested these compounds were made of reduced
Asand S (Table 1). Within the fungal hyphae there are a variety
of intracellular detoxification mechanisms including metallo-
thioneins, phytochelatins, methylation, and sequestration
within vacuoles filled with other elements (Burford et al.
2003). Further research, such as performing Fe u-XANES anal-
yses, would be useful to confirm the production of As(III)-
siderite and other predicted As species associated with Fe.
However, a common detoxification of As by organisms is
achieved by methylation of As(V) to form DMA or monome-
thylarsinic acid (MMA) (Smedley & Kinniburgh 2002). Our
analyses demonstrated that neither of these organic As spe-
cies were detected in the extra-radical mycelium because
the As(V) was reduced to As(IIl). This is in contrast with results
of Ultra et al. (2007), who reported that DMA was detected only
in AM treatments and that mycorrhizal roots colonized by Glo-
mus aggregatum were primarily involved, in its formation.
However, single activity for the extra-radical mycelium from
the root plant was not tested and comparisons are difficult.

Su et al. (2011) followed arsenic biotransformation by
arsenic-resistant filamentous fungi, such as: Trichoderma
asperellum SM-12F1, Penicillium janthinellum SM-12F4, and Fusa-
rium oxysporum CZ-8F1. These authors reported a rapid bio-
transformation of As(V) to As(IIl) in the fungal media 2 or
3 d after exposure. F. oxysporum CZ-8F1 reduced the As(V)
the quickest (2 d). These authors suggested that these fungi
could be applied to the future remediation of arsenic-
contaminated soils. Our results show that arsenic reduction
in the extra-radical hyphae of R. intraradices occurs even faster
(from 1 to 6 h) than in these other fungi, and it is possible that
this can occur even more readily than in 1 h. Future work
should involve a shorter time-course experiment between
Oand 1h.

Finally, this research shows clear evidence of As(V) reduc-
tion and increases the information related to the mecha-
nisms of AMF to enhance As tolerance in mycorrhizal
plants (Fig 3) as follows: (1) The scheme shows that As(V) up-
take in AMF hyphae is mediated via a high-affinity phosphate
transporter (GiPT) located in hyphae and arbuscules inside
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Fig 3 — Current working model for As transport and speciation mechanisms in arbuscular mycorrhiza. (1) As(V) uptake in
AMF hyphae mediated via a high-affinity phosphate transporter (GiPT) located in hyphae and arbuscules inside the root
cortical cells. (2) Reduction to As(III) possibly by an arsenate reductase. (3) As in different compounds. (4) As lower to un-
detectable levels. (5) As(IIl) excluded out of the hypha and probably leaching away from the rhizosphere. (6) Fe and com-
pounds containing As such as glomalin are deposited in the hyphae. (7) Avoidance/reduction As translocation to the
arbuscules in the root cortical cells and (8) low As accumulation in the plant root tissues, less toxicity to the photobiont, and

high As plant tolerance in mycorrhizal plants.

the root cortical cells (Gonzalez-Chavez et al. 2011). (2) Once
As(V) enters the fungal hypha it is reduced to As(III) possibly
via a still undescribed arsenate reductase. This process takes
between 0 and 1 h after As(V) exposure. (3) As is found from 1
to 6 h as different compounds being the most dominant spe-
cies an As(Ill)-Fe(ll) carbonate form followed by less abun-
dant forms such as As(V)—Fe(Ill) hydroxide and As(IlI)—
sulphur compounds. (4) After 24 h exposure, As was unde-
tectable. This might be mediated by an arsenite efflux
pump which expression is induced 3 h after As exposure
found in hyphae and arbuscules. (5) As(Ill) excluded out of
the hypha is more mobile than As(V) and favour leaching of
As away from the rhizosphere. (6) Fe and compounds con-
taining As such as glomalin are deposited in the hyphae. (7)
This exclusion mechanism avoids/reduces As translocation
to the arbuscules in the root cortical cells and (8) ultimately
prevents accumulation in the plant root tissues decreasing
toxicity to the photobiont, and increasing the plant tolerance
to As when associated to AMF.

These results are the basis for the potential role of AMF in
bioremediation strategies combining them with plant species

which could be used as plant coverage of polluted soil, or mine
residues, but are not normally considered for its use due to As
toxicity.

Conclusions

Our results have revealed more of the underlying mechanisms
that explain better the protective role of AMF for their host
plants under arsenic contamination. This work, in conjunc-
tion with the results from Gonzalez-Chavez et al. (2011) pro-
vides evidence that a rapid reduction to As(Ill) and
subsequent efflux of arsenic occurs directly from the extra-
radical hyphae of Rhizophagus intraradices. These results also
help to explain how AM fungi may contribute to lower internal
concentrations and availability for transfer of arsenic to the
host roots. The innovative research tools used in this re-
search, p-XRF mapping and u-XANES analyses, helped to deci-
pher AMF As-speciation mechanisms and its involvement in
As detoxification mechanisms where iron is playing a relevant
role.
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