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ABSTRACT: We integrated microscopy, spectroscopy, culturing
and molecular biology, and aqueous chemistry techniques to
evaluate arsenic (As) accumulation in hydroponically grown
Schizachyrium scoparium inoculated with endophytic fungi.
Schizachyrium scoparium grows in historically contaminated
sediment in the Cheyenne River Watershed and was used for
laboratory experiments with As(V) ranging from 0 to 2.5 mg L−1 at
circumneutral pH. Arsenic accumulation in regional plants has
been a community concern for several decades, yet mechanisms
affecting As accumulation in plants associated with endophytic
fungi remain poorly understood. Colonization of roots by
endophytic fungi supported better external and vascular cellular
structure, increased biomass production, increased root lengths
and increased P uptake, compared to noninoculated plants (p value <0.05). After exposure to As(V), an 80% decrease of As was
detected in solution and accumulated mainly in the roots (0.82−13.44 mg kg−1) of noninoculated plants. Endophytic fungi mediated
intracellular uptake into root cells and translocation of As. Electron microprobe X-ray mapping analyses detected Ca−P and Mg−P
minerals with As on the root surface of exposed plants, suggesting that these minerals could lead to As adsorption on the root surface
through surface complexation or coprecipitation. Our findings provide new insights regarding biological and physical−chemical
processes affecting As accumulation in plants for risk assessment applications and bioremediation strategies.

KEYWORDS: Endophytes, fungi, arsenic, accumulation, grass, little bluestem

■ INTRODUCTION

Widespread arsenic (As) contamination of plants and sediment
due to natural and anthropogenic processes has been
extensively documented worldwide.1−8 This study was
conducted within the context of previous work, which
identified As contamination in sediments from the Cheyenne
River Watershed,9 and there are existing community concerns
about As accumulation in local plants. Many As uptake and
accumulation studies have focused on rice (Oryza sativa) not
only because of its agronomic importance, but also because
rice is cultivated in regions where soils contain natural As
concentrations and in flooded conditions where As can be
readily mobilized from soil.10−13 However, the watershed is
characterized by semiarid grassland and 90% of the economy
depends on grasses for agricultural and livestock purposes.14,15

Understanding the potential mechanisms for tolerance and As
accumulation in these plants can aid in risk reduction strategies
for nearby communities.

Plants support several mechanisms of As tolerance,
detoxification, and accumulation, including low rates of
As(V) uptake, transformation of inorganic As to less toxic
organic forms, and complexation and sequestration to
nonreactive locations.16−20 Additionally, volatilization or efflux
of accumulated As can reduce the total As present in a
plant.21−25 Plants growing in heavily As-contaminated soils
(such as Holcus lanatus and Cytisus striatus) can achieve hyper-
tolerance by decreasing the rate of As uptake through
suppression of phosphate transporter activity.26−29 Conversion
of inorganic As species to volatile methylated As compounds
occur in bacteria and fungi and are proposed to exist in plants

Special Issue: Chemical Interactions in the Plant-
Atmosphere-Soil System

Received: November 1, 2020
Revised: April 22, 2021
Accepted: May 13, 2021
Published: June 3, 2021

Articlehttp://pubs.acs.org/journal/aesccq

© 2021 American Chemical Society
1278

https://doi.org/10.1021/acsearthspacechem.0c00302
ACS Earth Space Chem. 2021, 5, 1278−1287

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

EW
 M

EX
IC

O
 o

n 
Ju

ne
 1

7,
 2

02
1 

at
 1

6:
41

:4
8 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cherie+L.+DeVore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eliane+El+Hayek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taylor+Busch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benson+Long"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Mann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+A.+Rudgers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdul-Mehdi+S.+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdul-Mehdi+S.+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tamara+Howard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+N.+Spilde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+Brearley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlyle+Ducheneaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+M.+Cerrato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+M.+Cerrato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsearthspacechem.0c00302&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00302?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00302?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00302?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00302?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00302?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
https://pubs.acs.org/toc/aesccq/5/6?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsearthspacechem.0c00302?rel=cite-as&ref=PDF&jav=VoR
https://http://pubs.acs.org/journal/aesccq?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf


as well.30−33 Microorganisms in plant rhizospheres provide
additional pathways for As tolerance, detoxification, and
accumulation, but much remains unknown about plant−
microbe interactions under As contamination.
The colonization of the rhizosphere by microorganisms

represents a natural process commonly found in various types
of soils, including those affected by agricultural and mining
activities.34,35 Plants also interact with symbiotic organisms
such as mycorrhizal fungi, rhizobial and endophytic bacteria,
plant growth promoting rhizobacteria, and endophytic
fungi.36,37 Arbuscular mycorrhizal (AM) symbiosis can mediate
the oxidation and reduction of As, transform inorganic As into
a less toxic organic form, and enhance plant growth to
minimize the concentration of accumulated As in plant
tissues.38,34 Although AM has been the focus of many plant-
fungi investigations, endophytic fungi are present in ubiquitous
plants in the natural environment and contribute to plant
growth and tolerance to environmental stress conditions, such
as metal contamination.39 Endophytic fungi are mutualistic
symbionts that grow in the intercellular spaces of plant tissues
and are transmitted by seeds.40 For example, dark septate
endophytes are known to colonize the root tissues of plants
and belong to a few orders of Ascomycota.41 These fungi are
septate and generally have hyphae that colonize the cortical
cells and intercellular regions of roots.42 Endophytes can
provide multiple benefits to tall grasses, such as increased
drought tolerance, pathogen resistance, nutrient acquisition,
and overall plant vitality.43−50

Endophytic fungi in the phylum Ascomycota dominate
heavy metal contaminated sites worldwide. For example,
Ascomycota was the most abundant fungal phylum in a gold
mining site,34 and ascomycetes generally have higher relative
abundances in contaminated sites than uncontaminated
sites.51−53 Several Ascomycota exhibit high tolerance to
heavy metals and interact with metals through biosorption,
bioprecipitation, or bioreduction and volatilization.31,54−56

Commonly studied genera in research on As or other metals
include Aspergillus, Fusarium, and Talaromyces.55,57−61 These
taxa are also commonly found in symbiosis with plant roots.
These endophytes in the seedlings of some grasses have been
isolated and examined but not under the environmental stress
of metals such as As.
To our knowledge, limited studies exist to evaluate the role

of endophytic fungi on As accumulation from grasses grown in
the study area, which justifies the need for this study.
Schizachyrium scoparium was chosen for our hydroponic
investigation because of its widespread distribution in the
watershed and in arid North American grasslands. Although
fungi can associate with many plants, the chemical and
biological mechanisms of As uptake in native grasses, such as
Schizachyrium scoparium (little bluestem) are not well
understood. Thus, our objective was to determine the effect
of Ascomycota root endophytes on As accumulation using
laboratory hydroponic experiments to improve knowledge of
interfacial processes that affect As accumulation in little
bluestem grass. We predicted that inoculation with endophytes
would increase plant growth under As exposure conditions,
thereby reducing As toxicity.

■ MATERIALS AND METHODS
Germination and Colonization of Endophytes. We

grew Schizachyrium scoparium from seeds obtained from
southwestern U.S. regional seed stock (Curtis and Curtis,

Clovis, NM; Western Native Seed, Coaldale, CO). We first
removed the palea and lemma, which can house native fungal
communities from the parent seed source. Seeds were
internally sterilized using a 55 °C water bath for 15 min,
followed by external sterilization in 70% ethanol for 2 min and
2% NaClO for 3 min. Seeds were then rinsed four times using
autoclaved Milli-Q water before inoculation with select fungal
isolates. We plated a subset of seeds on malt extract agar
(MEA) to confirm sterilization effectiveness. The seeds were
inoculated with one of two fungal species, Cadophora sp. or
Talaromyces pinophilus by placing seeds next to fungal agar in
sterile growing chambers. Seedings were cleared with 1 M
KOH and stained with alinine blue according to a previously
recorded method.62 Isolates used in this study were cultured
from little bluestem during a latitudinal survey of root
endophytes across the central U.S.48 In addition, a subset of
sterile seeds was placed in a sterile growing chamber with MEA
as a noninoculated control. Little bluestem is a bunchgrass
with extensive root systems requiring soil substrate to support
plant growth.63 Thus, we placed seeds in autoclaved sand for 5
weeks at room temperature and watered with sterile Milli-Q
water for an initial germination period.

Hydroponic Experiments. After germination, the seed-
lings were moved to a sterile hydroponic system (200 mL)
supplied with NPK liquid fertilizer prepared in purified water.
Seedlings were grown in these conditions for six months under
25 °C (day) and 21 °C (night) temperature in a 18 h/6 h
light/dark cycle. Daylength is a critical factor in growing little
bluestem. The 6-month-old seedlings from the hydroponic
system were then acclimatized to conditions relevant to the
Cheyenne River Watershed for 5 d by placing them separately
in 500 mL sterile Nalgene polypropylene (PP) bottles with
conditioning solution (Supporting Information, Table S1).
Conditioning solutions were freshly prepared in sterile
ultrapure water containing simplified Hoagland nutrients
(MgSO4, 0.5 mM; NH4NO3, 2 mM; KCl, 1 mM; NaHCO3,
5 mM; KH2PO4, 0.12 mM and CaCl2·2H2O, 3 mM) at pH 7.5.
After 5 d, plants inoculated with Cadophora sp. were exposed
to 0, 0.5, or 2.5 mg L−1 Na3AsO4 for 7 d before harvesting for
chemical and microscopy analyses. Because of the large
number of replicates and similar response to endophytic
colonization, only Cadophora sp. was chosen for the hydro-
ponic experiments. Aliquots were collected from the hydro-
ponic solution at 0, 12, 24, 48, 96, or 168 h for chemical
analyses.

Chemical Analyses. Aliquots collected from the hydro-
ponic solution were acidified using 2% ultrahigh purity nitric
acid (HNO3), and total As concentration was measured with a
PerkinElmer NexION 300D (dynamic reaction cell) induc-
tively coupled plasma-mass spectrometer (ICP-MS) with a
detection limit <0.5 μg L−1. The total phosphorus (P) content
in acid-digested root and stems were analyzed using inductively
coupled plasma optical emission spectrometry (ICP−OES,
PerkinElmer Optima 5300DV). Laboratory blanks and QA/
QC measures were taken and checked to ensure quality data.
At harvest, plants were separated into roots and stems and
washed three times with Ultrapure Milli-Q water. Whole root,
and stem fresh weights were recorded before drying plant
material at 60 °C for 12 h, weighing dry material, then
pulverizing for acid digestions. Roots and stems were acid
digested in triplicate under progressive heating using 10 mL
reagent-grade HNO3 using a previously used method.64
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Following acid digestion, samples were diluted and filtered
using a 0.45 μm filter for As analyses using ICP-MS.
Microscopy and Spectroscopy Analyses. Cross-section

samples were prepared for transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) from the
finer roots of the plants. Plant roots were fixed with osmium
tetroxide to preserve membrane structure and increase contrast
for imaging. To account for the possible interference of PO4

3−,
tannic acid was also used as a stain and counterstained with
uranyl acetate and lead citrate references. Dried roots were
fixed on aluminum stubs and coated with a thin layer of carbon
for SEM imaging and microprobe X-ray mapping for the root
surface. Microstructural and microanalytical studies were
performed using a JEOL 2010F FASTEM field emission gun
scanning TEM (FEGSTEM/TEM) instrument equipped with
an Oxford AZtec EDS system using an Oxford X-Max N 80
mm2 ultrathin window SDD EDS detector. The root cross
section was characterized using bright-field TEM (BF-TEM),
high-angle annular dark-field (HAADF) STEM, electron
diffraction, and STEM EDS X-ray mapping. Full spectral X-
ray maps of the areas of interest were obtained and EDS
spectra of regions were extracted from the X-ray maps using
the AZtec software. Digital TEM and STEM images were
acquired and processed using GATAN Digital Microscopy
Suite (DMS) imaging software. Electron microprobe analyses
were conducted using a JEOL JXA-8200 SuperProbe electron
probe microanalyzer (EPMA) with wavelength dispersive X-
ray spectroscopy (WDS) at an accelerating voltage of 15 kV
with a 10 μm probe diameter and 10 nA probe current. The
quantitative data was reduced using the Phi-Rho-Z correction
method in the Probe for EPMA software (Probe Software, Inc.,
Eugene, OR).
Chemical Equilibrium Modeling. Visual MINTEQ was

used to predict the expected aqueous As species and various
complexes and precipitates that could form in solution during
exposure under atmospheric equilibrium and circumneutral
pH. The aqueous As species were calculated using inputs based
on the chemical composition of the conditioning and exposure
solutions (Supporting Information, Table S1) with 0 mM
(Control), 0.667 mM (low), 33.3 mM (high) As at pH 7.5 and
25 °C.

■ RESULTS AND DISCUSSION

Inoculation of Endophytes with Plants. Fungal
colonization was confirmed by microscopy and PCR analysis
14 d after inoculation in plant growing chambers. Aseptate and
septate hyphae were observed within finer roots using
Brightfield microscopy (Figure 1). Hyphae were the principal
fungal structures observed under the cuticle within the

epidermal cells. Images also confirmed the localization of
endophytes in root vascular cells. (Figure 2). PCR and
Illumina sequencing confirmed cultures of the inoculum in
plants grown with endophytes (Supporting Information, Table
S2).
Statistical difference was detected using a parametric t test

for biomass measurements in plants grown with fungi and
without fungi (p < 0.05). Plants inoculated with fungi were
1800% larger than noninoculated plants (Table 1). Statistical
difference was also detected for root length using a parametric t
test in plants grown with fungi and without fungi (p < 0.05).
Plant roots inoculated with fungi were 132% longer than plant
roots grown without fungi (Table 1). Stem lengths were also
statistically different between plants grown with and without
fungi (P < 0.05) using a parametric t test. Stem lengths were
71% longer than plant stems grown without fungi. Several
studies have illustrated the positive effect of fungal endophyte
colonization on increased root-shoot length and biomass
production.37,65,66 It should be noted that the soluble P levels
in these experiments are relatively high, compared to several
pore water and groundwater P measurements, as reported in
other studies.67−69 However, it has also been reported that
some fungi can increase net P uptake under both high and low
P levels.70

Before exposure to As, inoculated plants with endophytes
significantly increased (p < 0.05) the amount of P measured in
stems compared to noninoculated control plants (Supporting
Information, Figure S2A). In non-As control experiments with
inoculated plants, the mass percentage of P in the stems was
86.4% (corresponding to 3228.6 ± 361 mg kg−1 dry biomass).
The mass percentage of P in stems of noninoculated control
plants was 53.7% (2470.6 ± 442 mg kg−1 dry biomass),
indicating that plants with fungi translocated more P
(Supporting Information, Figure S2B). These results suggest
that endophytic fungi can help facilitate the uptake of P into
the stems. The effects on P with addition of As to
noninoculated and inoculated plants is summarized in
Supporting Information, Figure S2C,D. The mass percentage
of P in the stems of inoculated plants (83%) is similar to
noninoculated plants (88%) after As exposure.

Arsenic Accumulation in Hydroponic Experiments.
Noninoculated plants had significantly higher As in the roots
(p < 0.05) with less root-to-shoot translocation compared to
inoculated plants. Noninoculated plant roots had 8.03 ± 4.1 As
mg kg−1 dry biomass compared to plant roots with fungi 4.95
± 1.1 mg kg−1. (Figure 4A). Compared to noninoculated
plants, more As was detected in the stems of plants inoculated
with fungi, which indicated that translocation occurred. We
measured 3.49 ± 0.5 mg kg−1 As dry biomass in the stems of
plants inoculated with Cadophora sp. and the translocation
factor in inoculated plants was 0.76 (Figure 4B). The mass of
accumulated P and As (Supporting Information, Figure S2 and
Supporting Information, Tables S5 and S6) in plants
inoculated with fungi suggest that both As and fungi can
affect the uptake of P into plants. Future P uptake analyses
with As and are needed to understand these specific
mechanisms. In addition to plant dry biomass measurements,
As concentrations were monitored in the hydroponic system.
An 80% decrease in As concentration was detected in the

hydroponic solution within the first 12 h, indicating rapid As
removal in all experimental systems (Figure 5). The decrease
in As in solution could be due to biologically mediated uptake
in plants with or without fungi or chemically mediated

Figure 1. Light microscope image of hyphae of Cadophora sp. in little
bluestem grass root cleared with 1 M KOH and stained with blue
alanine (20× magnification).
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adsorption and precipitation of As in the hydroponic system.
The pH in hydroponic media ranged between 7.04 and 8.10
throughout the experiment. The most noticeable changes in
hydroponic solution pH occurred in noninoculated plants over
168 h, suggesting the influence of a chemical reaction on the
decrease of As observed. An abiotic control experiment
(without a plant) with As and conditioning solution at pH
7.5 did not result in removal of As from the hydroponic
solution. Thus, biotic and abiotic hydroponic experiments
suggested that 80% As removal was due to accumulation in or
on exposed plants.
We used chemical equilibrium modeling to help understand

relevant reactions affecting water chemistry in the hydroponic
experiments at circumneutral pH (7.5). A summary of the
aqueous chemical speciation and saturation indices using
inputs based on the hydroponic solution used is provided in
Supporting Information, Table S3. The charge of As is negative
given that the predominant As species was HAsO4−2 (82.1%),
and H2AsO4

− (17.9%) was also present at a lower percentage.
The charge of Ca, Mg, and K was mainly positive given that
Ca2+ (90.9%), Mg2+ (92.2%), and K+1 (99.5%) are

predominant. However, aqueous complexes with phosphate,
sulfate, carbonate, and chloride were formed. Although the
predominant species of phosphate were HPO4

2− (49.5%) and
H2PO4

− (17.4%), the rest of the phosphate species consists of
aqueous complexes with Ca (24.2% CaHPO4 and 2.3%
CaPO4

−), Mg (5.6% MgHPO4) and K (0.26% KHPO4
−).

Several Ca and PO4 solids like Ca3(PO4)2(s), Ca3(PO4)2(s),
and hydroxyapatite [Ca10(PO4)6(OH)2(s)] can precipitate at
the circumneutral pH range (7.5) of this study (Supporting
Information, Table S4). Calcium-apatite minerals can react
with metals (Cd, Zn) in solution to form surface complexes,
mixed metal phosphate precipitates, and metal coprecipita-
tion.71,72 Other studies have reported that removal of As from
solution can be achieved by precipitation of apatite-like
minerals at pH 8−10,73,74 which is within the pH range
investigated in our study. Previous work in a soil environment
shows that Ca−P amendments with As-contaminated soil can
decrease mobility of As where geochemical modeling
confirmed oversaturated soil solutions with respect to several
Ca−P−As(V) phases.74 The presence and distribution of As
with Ca and P on root cells caused by exposure to As in the
hydroponic solution was confirmed by electron microscopy
analyses.

Microscopy Results. Grass roots colonized by Cadophora
sp. were detected in intracellular spaces of plants by TEM
(Figure 2A). The TEM analyses of control plants without
fungal inoculation also detected the presence of nonfungal
microorganisms, indicating that the application of heat,
ethanol, and hypochlorite in these control plants did not
result in complete microbial sterilization or that plants were
colonized during growth in the hydroponic system (Figure

Figure 2. TEM image of hyphae (dark spots, red outline) in root cross sections of little bluestem using (A) Os stain; (B) tannic acid counterstained
with uranyl acetate and lead citrate; (C) noninoculated using tannic acid counterstained with uranyl acetate and lead citrate.

Table 1. Summary of Mean and Standard Deviation (n = 9)
for Plant Root, Stem, and Biomass Measurementsa

root (cm) stem (cm) total biomass (g)

Cadophora sp. 74.89 ± 25.21 14.00 ± 5.01 14.97 ± 9.72
Talaromyces 99.50 ± 32.21 20.33 ± 5.54 29.75 ± 21.02
no fungi control 32.33 ± 10.48 4.63 ± 0.77 1.51 ± 0.77

aGrown in hydroponic system alone or with each fungus (p-value
<0.05).
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2C). EDS and X-ray STEM mapping detected the intracellular
accumulation of As in the cellular structure of inoculated roots
(Supporting Information, Figure S1). Electron microprobe
analyses conducted on the plant root surface detected the
presence of As and Mg−P solid phases in plants inoculated
with fungi (Figure 3B). These results suggest that in the
presence of fungi As was accumulated both inside the root cells
and on the surface of the roots. In experiments without fungi,
TEM-EDS analyses did not detect As in the intracellular
structure, and the presence of As and Ca−P solid phases were
detected on the root surface (Figure 3A). Different sites on the
plant roots were analyzed with electron microprobe. However,
the detection of As only coincided with the presence of Ca and
P precipitates on the surface of roots in noninoculated plants.
The formation of As−P−Ca and As−Mg−P solids can lead

to the sequestration of As on the roots of plants by adsorption
or coprecipitation. The formation of these solids on the plant

roots can partly explain the decrease of As measured within the
first 12 h likely caused by adsorption and chemical
precipitation with Ca, Mg, and P solids. The equilibrium
with respect to these solids explains why As concentrations
remained steady in the hydroponic solution until the end of
the experiment. An increase of pH from 7 to 8.10 within the
first 48 h of exposure coincides with the removal of <85% As in
solution, which is a favorable pH range for Ca and P solid
formation in other studies.74 Additionally, substitutions of
PO4

3− ions or other anions on the root surface may partly
explain the limited As detected inside roots using microscopy.
Another plant investigation using the addition of hydrox-
yapatite as a metal immobilizing additive confirmed similar As
sequestration in roots exposed to hydroxyapatite amended
contaminated soil.75 These results indicate that As may be
heterogeneously distributed in the plant roots and that limited
As made it into the intracellular spaces within the plant.

Figure 3. Accumulation of As and quantitative weight percentage on the surface of plant roots was detected by SEM microprobe X-ray mapping for
plants exposed to 2.5 mg L−1 of (A) noninoculated (control) plant and (B) inoculated plant.

Figure 4. (A) Average As content (mg kg−1) in grasses exposed to 2.5 mg L−1 without endophytic fungi and inoculated with Cadophora sp. fungi.
(B) Translocation factor calculated as the ratio of As content in the stems to that of the roots. Standard deviation was determined from n = 5
replicates.
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Biological and Chemical Considerations. Our results
indicate that biological and chemical processes influenced As
accumulation in hydroponic systems. The morphology of
intracellular root structures and biomass changes enhanced by
the fungi were related to plant As tolerance. Other studies have
illustrated the positive effect of fungal associations on increased
plant root and biomass production.50,51 Control plants without
endophytes exposed to high and low concentrations of As
experienced inhibited root growth and in a few cases, died
before harvest. When plants are exposed to toxic metalloids,
the most common protection mechanism is limiting transport
into the aerial parts of the plant, resulting in accumulation of
metals primarily in the root system.76 Root morphology is also
an important health parameter to analyze arsenic toxicity.60

Arsenic treated plants without fungal inoculum had less root
biomass and were the ones that died before harvest compared
to inoculated plants. This effect was consistent with As toxicity
studies in nontolerant plant species that undergo stress
symptoms, which include inhibition of root growth, decreased
biomass, and death.77−80 Further evidence from contaminated
field sites suggest that fungal populations can develop tolerance
to As, resulting in improved host performance. For instance,
fungal isolates of G. mosseae and G. caledonium associated with
velvet grass roots from an As-contaminated site were more
As(V) tolerant than those from the non As-contaminated
site.81 As(V) uptake in the tolerant velvet grass growing in the
As-contaminated site was reduced by inoculating with the
tolerant fungal isolates. Thus, it is necessary to integrate the
knowledge of biological processes with chemical speciation to
further understand the mechanisms of As uptake mediated by
fungi in plants.
Since As and P are chemical analogues and can exhibit

similar geochemical behavior,1 the role of P can play a role on
the uptake of As in inoculated plants. Arsenate and phosphate
can compete for sites on the root surface for binding and

adsorption. In addition, previous work suggests that As uptake
can be decreased by increasing external P concentrations.82

Phosphate transport systems have also been identified in
various plants,83−85 which can partly explain the accumulation
of As and P observed in our study. Phosphate transporters also
exist in several fungi,86,87 and indirect intracellular uptake into
the cortical tissues of plant roots by fungal hyphae is also
possible due to the thinner and finer structure of hyphae.88

Though it is well-known that P can suppress the uptake of
As(V), we cannot draw any major conclusions about P
suppression. The high P concentration in the hydroponic
solution selected for this study were based on several years of
field measurements (Supporting Information, Figure S1) and
typical hydroponic nutrient solution values. Previous research
has demonstrated that both high and low P concentrations can
increase net P uptake rates in the presence of fungi equipped
with P transporters.70 Thus, using a lower concentration of P
in our study can be explored in future research initiatives with
endophytic fungi.
Chemical equilibrium modeling indicated that calcium

phosphate minerals, such as hydroxyapatite and magnesium
minerals like dolomite, were likely to precipitate at the pH
range investigated in this study. Oversaturation with respect to
Ca−P−As(V) phases has been previously reported when Ca
and P have been amended in As-contaminated soil, resulting in
decreased mobility of As.74 In aqueous solutions, hydrox-
yapatite can lead to an immobilization of Al, Cd, Cu, Fe(II),
Ni, and Zn, and several mechanisms have been proposed for
immobilization of these metals: ion exchange processes at the
surface of hydroxyapatite, surface complexation, and copreci-
pitation.72,89,90 For example, immobilization due to adsorption
through surface complexation with phosphate, calcium, and
hydroxyl surface groups of hydroxyapatite, or coprecipitation
of new partially soluble phases were reported.91,92 Thus, the
possible adsorption through surface complexation and
coprecipitation on the root surface could affect the
accumulation of As in the hydroponic experiments investigated
in this study.

■ CONCLUSION
Our findings provide new information on the accumulation of
As and P in plants amended with endophytic fungi. We
observed As accumulation under all experimental conditions in
this study; however, the degree of accumulation differed
between inoculated and noninoculated plants. Arsenic mainly
accumulated in or on the roots of noninoculated plants by
adsorption and precipitation with Ca−P minerals on the root
surface, as observed by microprobe X-ray mapping. Plants with
endophytic fungi translocated As concentrations to the stems
and intracellular As were detected by STEM analysis. The mass
percentage of As in the stems was also significantly greater in
inoculated plants. These results suggest that fungi increased As
penetration into the root cells and enhanced root-to-shoot
translocation. Additionally, P uptake significantly increased in
plants inoculated compared to control plants without fungi.
Both As and fungi affected the distribution of P in our plants,
but further studies are needed to better understand these
results. Endophyte-colonized roots were also the healthiest at
the end of the experiment, compared to many defunct
noninoculated plants. Endophytic fungi significantly enhanced
root length and biomass production, which also enabled the
inoculated plants to better tolerate As. The increased biomass
and length of endophyte colonized roots could provide sites for

Figure 5. Arsenic concentrations measured in hydroponic solution
over 168 h from plants exposed to (A) high As 2.5 mg L−1 and low
0.5 mg L−1 As(V); (B) 0 mg L−1 controls.
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adsorption and precipitation reactions with Ca−P and Mg−P
minerals that could accumulate As. The results from this study
provide information that can be useful for remediation
applications that make use of the interaction of fungi and
plants for uptake and accumulation of As. Future studies are
necessary to better understand relevant conditions that would
favor translocation of As mediated by fungi and P for the
development of these bioremediation strategies. It is also
important to consider that chemical processes, such as
adsorption and precipitation to solid mineral phases as
reported in this study, can be integrated to ensure
immobilization of As and other metals. Additionally, As
accumulation in native grasses like Schizachyrium scoparium
with endophytic fungi can affect community and agricultural
practices. The simplified conditions represented in this
hydroponic study represent an initial effort to understand As
accumulation in Schizachyrium scoparium and more work is
needed to elucidate the combined roles of As, fungi, and
macronutrients (P, Mg, Ca) on As uptake. Because the root
zone is the first plant contact with potentially harmful elements
in the rhizosphere, the effects of soil organic matter and redox
conditions on As accumulation also remain subject to future
investigations. The results from this study have important
implications for risk assessments and future studies are
necessary to investigate the role of plants and organic matter
in soils to better understand pathways of exposure to As and
potential bioremediation applications with fungi.
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