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It was documented that arbuscular mycorrhiza fungi (AMF) play an important role in
protecting host plants against arsenic (As) contamination. However, most terrestrial
ecosystems contain a considerable number of nonmycorrhizal plants. So far little
information is available for the interaction of such non-host plants with AMF under As
contaminations. By using a dual compartment cultivation system with a plastic board or a
nylon mesh separating roots of non-host pepperweed from roots of the AM-host alfafa
plants, avoiding direct root competition, the two plant species were grown separately or
partially separated (with rhizosphere effects) in the presence or absence of the AMF
Rhizophagus irregularis in As-contaminated soil. The results indicated that mycorrhiza
caused phosphorus (P) concentration decrease in the non-host pepperweed, but promoted
the P concentration of the AM host alfafa. Mycorrhiza is potentially helpful for non-host
pepperweed to adapt to As contamination by decreasing root As concentration and
showing no suppressing effect on biomass production. The study provides further evidence
for the protective effects of AMF on non-host plants against As contamination, and
improved our understanding of the potential role of AMF for non-host plant adaptation to
As contaminated soils.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Arsenic (As) is ubiquitous in the environment, which is highly
toxic even at low concentrations. In recent decades, public
concern regarding this element has been increasing, becauseAs
is regarded as a well-known class 1, nonthreshold carcinogen
(Smith et al., 2002). Arsenic mining industry (Zhu et al., 2008),
irrigation with As-contaminated groundwater (Williams et al.,
2006) and application of As-containing pesticides (Williams
et al., 2007) have been found to be the main reasons for the
es.ac.cn (Xin Zhang).
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elevated As concentration in soil. Plant uptake of As from
contaminated soils may contribute a significant pathway of
human exposure via the food chain. Understanding As uptake
in plant is thus critical for formulating countermeasures to
minimize the ecological risk of As contaminations (Meharg and
Hartley-Whitaker, 2002).

It was documented that higher plants that are adapted to
As-contaminated soils are generally symbiotic with arbuscular
mycorrhizal fungi (AMF) (Sharples et al., 2000; Gonzalez-Chavez
et al., 2002), while the mycorrhizal associations could influence
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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As uptake and accumulation by plants. However, up to date
most of the investigations focused on As uptake, accumulation
and distribution of a single mycorrhizal plant (Chen et al., 2007;
Liu et al., 2009; Zhang et al., 2015), or the interactions between two
mycorrhiza plants under As contamination (Dong et al., 2008). It
has been well known that there are some plant families, an
estimated 18% of all vascular species, that do not associate with
AMF (Brundrett, 2009). These plants have been named as
“non-host” or “non-mycorrhizal” (NM) plants and are widely
distributed (Francis and Read, 1994). Brassicaceae is one of these
families that have long been known as non-host for AMF
except a few of plant species such as Thlaspi praecox and
Lepidium bonariense (Giovannetti et al., 1994; Vogel-Mikus et al.,
2005; Massenssini et al., 2014). Even though a functional
mycorrhization does not occur in a non-host plant, the invasion
of hyphae deriving from the host plant neighbors to the
non-host plant roots is persistent (Tong et al., 2015). On the
other hand, Brassicaceae family has been proven to have genetic
and physiological adaptations that allow plants to accumulate,
translocate, and resist high amounts of arsenic (Wang et al., 2009;
Ramirez-Andreotta et al., 2013). Therefore, we specifically
addressed the role that AMF play in non-host plant adaptation
to As contamination. To our knowledge, the interaction of
non-host plants with AMF under As contamination is so far
poorly understood.

In the present study, a model mycorrhizal plant alfalfa
(Medicago sativa L.) was selected as arbuscular mycorrhizal
(AM) host plant, and pepperweed (Lepidium apetalum L.), a
weed of the Brassicaceae family widely distributed in rubbly
slopes, meadows, steppes, fallow lands, and along the roads
(Prokopiev et al., 2013) was chosen as non-AM host plant,
whose leaves can be eaten and the whole plant can be used as
a medicine (Duke and Ayensu, 1984; Kunkel, 1984). By using a
dual compartment cultivation systemwith a plastic board or a
nylon mesh separating roots of pepperweed from roots of
alfalfa plants and avoiding direct root competition, the two
plant species were grown separately or partially separated
(with rhizosphere effects) in the presence or absence of the
AMF Rhizophagus irregularis in an As-contaminated soil. It was
hypothesized that although non-host pepperweed could not
form symbiosis with AMF, while the involvement of AMF
might decrease As concentration of non-host pepperweed,
thus potentially helpful for non-host pepperweed to adapt to
As contamination. The aim of the present study is to shed
light on the effects of AMF on growth, mineral nutrition, As
uptake of non-AM host plant under As contaminations, which
may contribute to our understanding of the potential role of
AMF for non-host plant adaptation to As-contaminated soils.
1. Material and methods

1.1. Host plants

Seeds of alfalfa and pepperweed plants were respectively
obtained from the Beijing Gold Garden Agriculture Technology
Institution and Research Center of National Vege Engineering
and Technology. The seeds were surface sterilized in 10% (V/V)
H2O2 solution for 10 min, then immersed in deionized water for
10 hr. They were then pre-germinated on moist filter paper for
about 48 hr at 27°C until emergence of radicles. The seeds were
selected for uniformity before sowing.

1.2. AMF inoculums

The AMF Rhizophagus irregularis Schenck and Smith (BJ09) was
provided by Institute of Plant Nutrition and Resources, Beijing
Academy of Agriculture and Forestry. The fungus was
propagated in pot culture with maize plants grown in a
sandy soil for 10 weeks. Inoculum from pot culture was a
mixture of spores, mycelium, sandy soil and root fragments
containing approximately 6000 spores per 100 g soil.

1.3. Cultivation system

Two alfafa and three pepperweed seedlingswere grown in each
individual compartmented PVC boxes (12 cm × 8 cm × 10 cm).
Roots of both plant species were separated by a PVC board
(board compartment mode, BC), to avoid that both roots and
hyphae get intermingled with the other plant species, or by a
nylon net with 37 μm mesh size (mesh compartment mode,
MC), which only allows the penetration by AM fungal hyphae
(Fig. 1). The hyphae penetrating freely through the nylon mesh
can directly interact with the root of pepperweed, which is
convenient for investigating the interactions of AMF with
non-hosts in the present study. In contrast, in the BC modes,
neither the roots nor the hyphae of alfafa could reach the
rhizosphere of pepperweed, which was regarded as a control in
the present study.

1.4. Cultivation media

The experimental soil was collected from the experimental field
of Chinese Agriculture University, Beijing, China. The soil had
a pH value of 7.47 (1:2.5 soil to water (m/V)), extractable
phosphorus (P) content of 10.50 mg/kg (extracted by 0.5 mol/L
NaHCO3 following the methods described by Olsen et al., 1954)
and extractable As of 0.21 mg/kg (extracted by 0.5 mol/L
NaHCO3). The soil contained 5.6 mg/kg As, 27.39 mg/kg Cu,
125.51 mg/kg Mg, 527.92 mg/kg Mn and 84.31 mg/kg Zn. Total
As concentrationwereanalyzed by inductively coupled plasma-
mass spectroscopy (ICP-MS, Agilent7500, Agilent Technology,
USA) and other total metal concentrations were measured by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Optima 2000 DV, Perkin Elmer, USA) following
HNO3-HF digestion. Before the experiment, the soil was passed
through a 2-mmsieve and received basal nutrients without P as
recommended by (Pearson and Jakobsen, 1993). A 2:1 (W/W)
mixture of the soil and river sand, also passed through 2-mm
sieve and sterilized by irradiation (20 kGy, 10 MeV electron
beam), was used as growth medium, and this mixture is
referred to as “soil” hereinafter.

1.5. Experimental procedure

The 5 mg/kgAs in the formofNa3AsO4·12H2O (As(V))were added
to the soil and then carefully mixed to ensure uniformity. The
soil was incubated for one month to allow metal equilibrium. A
mixture of 900 g soil and 30 g fungal inoculum was divided
equally and put into the two compartments of each box for AM
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Fig. 1 – Schematic illustration of the dual-compartment cultivation system. BC: board compartment mode; MC: mesh
compartmentmode, nylon net with 37 μmmeshwas used to separate the two compartments, which only allowed penetration
by AM fungal hyphae (dashed lines). AM: arbuscular mycorrhizal.
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inoculation, or 900 g soil and 30 g sterilized inoculum for
non-inoculated controls. Inoculation treatments and compart-
mentmodes gave a total of 4 treatments. Therewere 4 replicates
for each treatment, resulting in a total of 16 pots. Each pot was
sownwith 4 pre-germinated pepperweed seeds in one compart-
ment and 6 pre-germinated alfafa seeds in the other compart-
ment. Seven days after emergence pepperweed seedlings and
alfafa seedlings were thinned to 2 and 3, respectively. The
experimentwas conducted in a greenhousewith 16 hr/25°C day,
8 hr/18°C night, and a light intensity of 700 μmol/(m2·sec)
provided by supplementary illumination. During the experi-
mental period, de-ionized water was added as required to
maintain soilmoisture content of ca. 60%water holding capacity
by regular weighing.

1.6. Harvest and chemical analysis

Plant shoots and roots were harvested separately. Root
samples were first carefully washed with tap water to remove
adhering soil particles and rinsed in ice-cold phosphate
solution containing 1.0 mmol/L K2HPO4, 5.0 mmol/L MES and
0.5 mmol/L Ca(NO3)2 for 10 min to remove As in the apoplast
of the roots (Abedin et al., 2002). Roots and shoots were then
carefully washed with de-ionized water, blotted dry and
weighed. Sub-samples of fresh roots were collected for the
determination of AM colonization. Dry weights of shoots and
roots were determined after oven-drying at 70°C for 48 hr.

Sub-samples of fresh roots were cleared in 10% KOH and
stainedwith Trypan Blue following amodification procedure of
(Phillips and Hayman, 1970) by omitting phenol from solutions
and HCl from the rinse. Percentage root colonization and root
lengthwere determinedby themagnified grid-intersectmethod
(McGonigle et al., 1990) and the presence of fungal structures
(intraradical mycelia, vesicles, and arbuscules) were identified
at 200× magnification under a light microscope.

Approximately 0.2 g dried samples were weighed and
digested with 10 mL HNO3 by using a microwave accelerated
reduction system (Mars 5, CEM Co. Ltd., USA). The dissolved
samples were analyzed by ICP-OES for P and by ICP-MS for As.
Soil pH was measured with a potentiometer (Thermo Orion
Model 868) at a 1:2.5 (m/V) soil:water ratio. Soil-available P was
extracted for 30 min at a 1:10 (m/V) soil: water ratio and
available P was determined as described above.

1.7. Data analysis

Data were subjected to two-way analysis of variance (ANOVA)
to examine significance of mycorrhizal inoculation and com-
partment modes by using windows-based SPSS 16.0 statistical
package (SPSS Inc., USA). The differences between means were
examined by Duncan's multiple-range Test at 0.05 probability
level.
2. Results

2.1. Mycorrhizal colonization

2.2. Plant biomass

The MC mode increased both shoot (p < 0.01, Fig. 2a), root
(p < 0.01, Fig. 2b) and total biomass (p < 0.001, Table 1) of
pepperweed, but inoculation had no effect on the pepperweed
biomass. In contrast, both shoot (p < 0.01, Fig. 2a), root (p < 0.05,
Fig. 2b) and total dry weight (p < 0.01, Table 1) of alfafa plants
were significantly increased by mycorrhizal colonization, but
unaffected by the compartment mode. The total dry weight of

No root colonization (intraradical mycelia, vesicles, and
arbuscules) was detected in uninoculated alfalfa plants but
the roots of mycorrhizal alfalfa plants were extensively
colonized, with the mean colonization rate of 47% ± 0.9%
(n = 4) and 50% ± 1.3% (n = 4) for BC and MC, respectively.
There was no significant difference between BC and MC for
alfafa plants. Pepperweed plants were not colonized irrespec-
tive of inoculation treatments.



Fig. 2 – Shoot (a), root (b) dry weights of alfafa and pepperweed plants, and the total dry weight ratio of pepperweed to alfafa
(c) as affected by different inoculation treatments and compartment modes. +M and –M represent inoculated and uninoculated
treatments. “A” stands for alfafa plant and “P” stands for pepperweed plant, respectively. Data are means ± SE (n = 4). The
statistical results were shown in Table 4. Different lower case letters “a, b” or upper case letters “A, B” above the error bars
indicate significant differences (p < 0.05) between treatments for alfafa or pepperweed by Duncan's multiple-range test,
respectively. There are no significant differences between treatments in Fig. 2c.
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pepperweed is almost 1.8–5.9 folds higher than that of
corresponding alfafa plant (Fig. 2c).

2.3. Plant P uptake

Generally, inoculation had no influence on the either shoot or
root P content of pepperweed, but theMCmodes increased both
shoot (p < 0.01, Table 1) and root (p < 0.01, Table 1) P contents of
pepperweed. Differently, mycorrhizal colonization significantly
increased both shoot (p < 0.01, Table 1) and root (p < 0.05,
Table 1) P contents of alfalfa plants, while compartment
modes showed no effect on the alfafa P contents. As for
P concentration, mycorrhiza decreased pepperweed's shoot
(p < 0.01, Fig. 3a) and root (p < 0.001, Fig. 3b) P concentration, but
increased alfafa's shoot (p < 0.05, Fig. 3a) and root P (p < 0.001,
Fig. 3b) concentration. The MC mode significantly increased
shoot P concentration of alfafa (p < 0.05, Fig. 3a), but not for
Table 1 – Total dry weight, shoot and root P content of alfafa and
and compartmentation modes (Data presented are means of 4

Compartmentation
mode

Inoculation
treatment

Total dry weight (g/po

Alfafa Pepperwee

BC Non-inoculated 0.41 ± 0.09 1.45 ± 0.07
Inoculated 0.93 ± 0.14 1.58 ± 0.04

MC Non-inoculated 0.30 ± 0.09 2.01 ± 0.15
Inoculated 0.58 ± 0.11 1.98 ± 0.14

Significancea of
Compartmentation (C) NS ⁎⁎

Inoculation (I) ⁎⁎ NS
C × I NS NS

NS: not significant (p > 0.05); P: phosphorus.
⁎ p < 0.05;
⁎⁎ p < 0.01.

a By analysis of variance.
pepperweed. There were significant interactions between
inoculation and compartment modes on the root P concentra-
tion of both alfafa plant (p < 0.001, Fig. 3b) and pepperweed
(p < 0.05, Fig. 3b). The positive effect of AMF on P concentration
in alfafa roots is stronger in MC treatment than that in BC
treatment, while the negative effect of AMF on P concentration
in pepperweed roots is stronger in MC than in BC treatment.
The highest root P concentrations were recorded for inoculated
alfafa plant under MC modes, and in contrast, pepperweed in
presence of AMF under MC modes contained the lowest root
P concentration.

2.4. Plant As uptake

Mycorrhiza and BC modes decreased root As concentration of
pepperweed (p < 0.001, Fig. 4a2), but showed no significant
effect on shoot As concentration. In addition, mycorrhizal
pepperweed as affected by different inoculation treatments
replicates).

t) Shoot P content (mg/pot) Root P content (mg/pot)

d Alfafa Pepperweed Alfafa Pepperweed

0.74 ± 0.23 6.18 ± 0.26 0.31 ± 0.01 0.71 ± 0.05
1.81 ± 0.16 5.98 ± 0.37 0.70 ± 0.37 0.69 ± 0.06
0.64 ± 0.18 8.14 ± 0.63 0.16 ± 0.07 1.11 ± 0.09
1.36 ± 0.23 7.51 ± 0.60 0.45 ± 0.13 0.82 ± 0.09

NS ⁎⁎ NS ⁎⁎
⁎⁎ NS ⁎ NS
NS NS NS NS



Fig. 3 – Shoot (a) and root (b) P concentration of alfafa and pepperweed plants as affected by different inoculation treatments
and compartmentation modes. +M and –M represent inoculated and uninoculated treatments. “A” stands for alfafa plant and
“P” stands for pepperweed plant, respectively. Data are means ± SE (n = 4). The statistical results were shown in Table 4.
Different lower case letters “a, b, c” or upper case letters “A, B, C” above the error bars indicate significant differences (p < 0.05)
between treatments for alfafa or pepperweed by Duncan's multiple-range test, respectively.

Fig. 4 – Shoot (a1) and root (a2) As concentration and P/As concentration ratios in shoot (b1) and root (b2) of alfafa and
pepperweed plants as affected by different inoculation treatments and compartmentation modes. +M and –M represent
inoculated and uninoculated treatments. “A” stands for alfafa plant and “P” stands for pepperweed plant, respectively. Data
are means ± SE (n = 4). The statistical results were shown in Table 4. Different letters above error bars indicate significant
differences (p < 0.05) between treatments by Duncan's multiple-range test. For shoot As (in Fig. 4a1) and P/As (in Fig. 4b1)
concentration, letters written as “a, b” indicate significant differences (p < 0.05) between inoculated and non-inoculated alfafa;
letters written as “z, y” indicate significant differences (p < 0.05) between BC and MC modes for alfafa. For root As (in Fig. 4a2)
and P/As (in Fig. 4b2) concentration, lower case letters “a, b” or upper case letters “A, B” indicate significant differences
(p < 0.05) between treatments for alfafa or pepperweed, respectively.
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Table 2 – As contents and shoot to root ratios of As contents of alfafa and pepperweed as affected by different inoculation
treatments and compartmentation modes (Data presented are means of 4 replicates).

Compartmentation
mode

Inoculation
treatment

Shoot As content (mg/pot) Root As content (mg/pot) S/R As content (mg/pot)

Alfafa Pepperweed Alfafa Pepperweed Alfafa Pepperweed

BC Non-inoculated 0.41 ± 0.13 1.42 ± 0.10 0.43 ± 0.02 0.81 ± 0.08 1.02 ± 0.40 1.79 ± 0.21
Inoculated 0.54 ± 0.03 1.41 ± 0.12 0.29 ± 0.16 0.54 ± 0.04 2.52 ± 1.05 2.67 ± 0.34

MC Non-inoculated 0.26 ± 0.09 1.62 ± 0.20 0.20 ± 0.09 1.29 ± 0.10 1.49 ± 0.26 1.28 ± 0.20
Inoculated 0.30 ± 0.06 1.45 ± 0.20 0.24 ± 0.06 0.88 ± 0.10 1.39 ± 0.18 1.67 ± 0.23

Significanceb of
Compartmentation(C) ⁎ NS NS a NS ⁎

Inoculation (I) NS NS NS ⁎⁎ NS ⁎

C × I NS NS NS NS NS NS

NS: not significant (p > 0.05). As: arsenic; S/R: shoot/root.
⁎ p < 0.05;
⁎⁎ p < 0.01.
a p < 0.001.
b By analysis of variance.
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colonization significantly decreased both shoot (p < 0.001,
Fig. 4a1) and root (p < 0.001, Fig. 4a2) As concentration of
alfafa plants, and MC modes also decreased alfafa's shoot As
concentration (p < 0.01, Fig. 4a1). There were also significant
interactions between inoculation and compartment modes on
the root As concentration of both pepperweed and alfafa
plants (p < 0.001, Fig. 4a2). The positive effects of AMF on As
concentration in both pepperweed and alfafa roots are
stronger in BC treatment than that in MC treatment, as
indicated by the fact that inoculated pepperweed or alfafa
under BC modes has the lowest root As concentration,
followed by those inoculated treatments under MC modes.

Mycorrhizal colonization significantly decreased root As
content of pepperweed (p < 0.01, Table 2), but increased shoot
to root As content ratios of pepperweed (p < 0.05, Table 2).
Moreover, MC modes decreased shoot to root As content ratios
of pepperweed (p < 0.05, Table 2). In addition, mycorrhiza
increased root P/As concentration ratios of pepperweed plants
(p < 0.001, Fig. 4b2) and P/As concentration ratios in alfalfa plants
(p < 0.001, Fig. 4b1, b2). There were also significant interactions
between inoculation and compartment modes on root P/As
concentration ratios of both pepperweed (p < 0.001, Fig. 4b2) and
alfafa plants (p < 0.01, Fig. 4b2). The positive effects of AMF on
Table 3 – Soil pH and water extractable soil P concentrati
compartmentation modes (Data presented are means of 4 repli

Compartmentation
mode

Inoculation
treatment

Alfafa

BC Non-inoculated 7.49 ± 0.04
Inoculated 7.59 ± 0.05

MC Non-inoculated 7.70 ± 0.02
Inoculated 7.72 ± 0.05

Significance ⁎ of
Compartmentation (C) ⁎⁎

Inoculation (I) NS
C × I NS

NS: not significant (p > 0.05);
⁎ By analysis of variance.
⁎⁎ p < 0.01.
P/As concentration ratios in both pepperweed and alfafa roots
are stronger in BC treatment than that in MC treatment.

2.5. Changes in soil properties

MCmode significantly increased soil pH values (p < 0.01, Table 3)
and decreased water-extractable P concentration of alfafa plant
(p < 0.01, Table 3). There is a tendency that the soil pH values of
inoculated treatments were higher than those in corresponding
non-inoculated controls for both pepperweed and alfafa plant
(Table 3), although it was statistically insignificant. Similarly,
there is also a trend that mycorrhiza decreased water-
extractable P concentration for both plant species (Table 3).
3. Discussion

The present study investigated the interactions of AMF with
non-AM host plant pepperweed and the results indicated that
the involvement of AMF laid some effect on plant growth,
P nutrition, As uptake of non-host pepperweed. Although
pepperweed could not form symbiosis with AMF, mycorrhiza
is potentially helpful for non-host pepperweed to adapt to As
on as affected by different inoculation treatments and
cates).

pH Water extractable P (mg/kg)

Pepperweed Alfafa Pepperweed

7.55 ± 0.04 4.43 ± 0.01 3.04 ± 0.07
7.56 ± 0.05 3.99 ± 0.01 2.73 ± 0.05
7.49 ± 0.04 3.23 ± 0.04 3.12 ± 0.04
7.60 ± 0.03 2.97 ± 0.03 2.91 ± 0.02

NS ⁎⁎ NS
NS NS NS
NS NS NS



Table 4 – The ANOVA results for data displayed in Figs. 2 to 4.

Factors Dry weight P concentration

Shoot Root Shoot Root

Alfafa Pepperweed Alfafa Pepperweed Alfafa Pepperweed Alfafa Pepperweed

Significancea of
Compartmentation (C) NS ⁎⁎ NS ⁎⁎ ⁎ NS b ⁎⁎

Inoculation (I) ⁎⁎ NS ⁎ NS ⁎ ⁎⁎ b b

C × I NS NS NS NS NS NS b ⁎

Factors As concentration P/As concentration

Shoot Root Shoot Root

Alfafa Pepperweed Alfafa Pepperweed Alfafa Pepperweed Alfafa Pepperweed

Significancea of
Compartmentation (C) ⁎⁎ NS NS b ⁎⁎ NS ⁎ b

Inoculation (I) b NS b b b NS b b

C × I NS NS b b NS NS ⁎⁎ b

NS: not significant (p > 0.05); ANOVA: analysis of variance;
⁎ p < 0.05;
⁎⁎ p < 0.01.

a By analysis of variance.
b p < 0.001.
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contamination as indicated bydecreasing rootAs concentration
of pepperweed without plant yield reduction. The possible
reason was that in the presence of AM host alfafa, the
unavoidable invasion of AM hyphae deriving from alfafa to the
non-host pepperweed is persistent. Continuously invading AM
hyphae may induce a continuous defense response in the
pepperweed (Matsumura et al., 2007). Moreover, the higher
yields of pepperweed and different P acquisition strategy in
comparison with alfafa plant might be another reason.

As demonstrated by previous studies, a negative effect of
mycorrhiza on non-host growth and survival was observed
(Sanders and Koide, 1994; Veiga et al., 2012). The enforced
invasion of AM hyphae around non-host plant roots leading to
plant growth inhibition could be due to a competitive disadvan-
tage compared with mycorrhizal plants (Veiga et al., 2013) or
release of allelopathic compounds by the AM mycelium which
inhibit the growth of non-host plants (Francis and Read, 1994;
Veiga et al., 2012). However, different results were obtained in
the present study that thewhole plant yieldwere not affected by
the mycorrhizal inoculation, and shoot or root biomass of
non-host pepperweed also showed no biomass reduction. This
was possibly due to that in a dual compartment cultivation
system, pepperweed was the dominating species with up to
4 times higher total dry matter than the corresponding
mycorrhizal alfafa plant (Fig. 2c). Nutrient uptake was probably
limited for the alfafa plants, while pepperweed plants can
allocate sufficient resources for the production of defense-
related compounds without a loss of plant fitness under As
contaminations as demonstrated by Tong et al. (2015). Similar
results were also demonstrated in Brassicaceae family species
such as cabbage (Santos et al., 2002) and broccoli (Tong et al.,
2015) when intercropped with pea or sesame, respectively.
Furthermore, the results in our study showed that use of nylon
mesh barrier between the two plant species generally increased
pepperweed's total biomass compared with that in BC modes.
Nylon mesh barrier (MC modes) was used in the present study
to obstruct possible physical overlap of alfafa roots with
pepperweed roots, but allowedwater and nutrients to exchange
freely through the nylonmesh. This possible explanationmight
be thatwater, nutrient and some other acid exuding by the roots
could be transported by mass flow and diffusion in the whole
soil volume (Teste et al., 2015). Moreover, pepperweed is more
competitive innutrient uptake comparedwith alfafa plants, and
thus resulted in the elevated amount of nutrients to be available
for pepperweed.

Due to the similarity between phosphate and arsenate,
understanding the role of AMF interaction with non-host plant
in terms of As uptake is essential to realize the effects of AMF in
plant uptake of P. AM-host and non-host plant have different
strategies for P acquisition. For AM-host plant, AMF is consid-
ered to be of great importance in promoting P uptake (Pasqualini
et al., 2007; Smith and Read, 2008). The mycelium can extend to
the area outside the rhizosphere, connect roots with the
surrounding soil microhabitats and enlarge the area that roots
can absorb nutrients (Smith et al., 2003; Meng et al., 2015).
Differently, non-host pepperweed appear to acidify their rhizo-
sphere by exuding malic and citric acid (Hoffland et al., 1992).
Organic acid exudation is regarded as a highly effective strategy
to increase phosphate uptake from rock phosphate for non-host
plant (Hoffland et al., 1992). Such strategy make pepperweed a
P-efficient plant and benefit more when intercropped with
P-inefficient plant alfafa, as indicated by the fact that total P
content of pepperweed is almost 2.6–4.6 fold higher than the
corresponding mycorrhizal alfafa plant (Table 1).

Owing to the different P acquisition strategy, mycorrhiza
decreased P concentration of non-host pepperweed in the
present study (Fig. 2a, b). The possible reason was that AM
fungus may have contributed to the alkalization by releasing
OH− as a consequence of active uptake of NO3

−-N involving the
NO3

−/H+ symport or NO3
−/OH− antiport mechanisms (Bago et al.,
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1996), as shown in the present study that there is a trend that
mycorrhiza increased soil pH values (Table 3). Therefore, the
alkalization of the rhizosphere by AMF seemed to inhibit the
P acquisition of non-host pepperweed. Furthermore, MCmodes
used in the present study allowed hyphae to penetrate freely
through the nylon mesh and directly interact with the root of
pepperweed. We speculated the other reason might be that in
the MC modes, the external hyphae from alfafa plants could
reach the rhizosphere of pepperweed and take away P in the
whole soil volume as indicated by that soil P concentration of
inoculated treatments were lower than in corresponding
non-inoculated controls for pepperweed plants (Table 3), thus
the P available for pepperweed might be decreased. Dong et al.
(2008) also found that clover could benefit from hyphal uptake
of nutrients from the whole soil volume when competed with
ryegrass. However, in the present study that the P uptake by
hyphae from the rhizosphere of pepperweed was just a
hypothesis, further research is necessary to provide direct
evidences for the involvements of hyphae in P uptake from
the rhizosphere of pepperweed. Taken together, this might be
the reason that under MCmodes pepperweed contained lowest
P concentration in the presence of mycorrhizal alfafa.

In the present study, we also observed that root As
concentration (Fig. 4a2) and also root As content (Table 2) of
pepperweed was dramatically decreased in comparison with
the corresponding non-inoculated control. The similar results
were also found for the mycorrhizal plant growing under
As-contaminated soil (Chen et al., 2007; Dong et al., 2008; Zhang
et al., 2015). As been well documented, one of the mechanisms
was that after AMF and plant set good association with each
other, AMF could effectively improve plant P nutrition and
growth, resulting in a “dilution effect” on As in plant tissues
(Chen et al., 2007; Dong et al., 2008; Zhang et al., 2015). However,
for non-host pepperweed in the present study, neither theplant
biomass nor the P nutrition was enhanced when AMF
interacted with pepperweed (Figs. 2b and 3b). Therefore, the
reduction of pepperweed's root As concentrationwas due to the
different strategy to cope with As-contaminated environment
compared with mycorrhizal plant. The main reason could be
thatmycorrhiza increased soil pH values (Table 3), and thus the
alkalization of the rhizosphere by AMF seemed to inhibit the As
acquisition of non-host pepperweed. The restricted As uptake
by pepperweed seems to be a strategy for them to cope with
high As toxicity. The similar results were also found that
intercropping of upland kangkong and Alfred stonecrop inocu-
latedwithAMfungi significantly decreasedCdphytoavailability
and kangkong Cd concentration via elevating soil pH (Hu et al.,
2013a, 2013b, 2014). Moreover, mycorrhiza also increased
pepperweed's root P/As concentration ratios (Fig. 4b2). Arsenate
is a phosphate analogue and is transported across the plasma
membrane of root cells via high affinity phosphate transporters
(Meharg and Macnair, 1990, 1992), it indicated that non-host
pepperweed had selective uptake and transfer of P over As. This
may be another mechanism underlying the adaptation of the
non-host plant to As contamination in the presence of AMF.
More As partitioning to shoots of pepperweed in the presence of
AMF were also observed in the present study (Table 2). It
seemed to be a strategy for pepperweed to adjust the stress of
high root As concentration by transportingmoreAs from root to
shoot.
4. Conclusions

The present study investigated the interactions of AMF with
non-AM host plants under As contamination and provided
further evidence for the role of AMF for non-host plant
adaptation to As-contaminated soil. Clearly, mycorrhiza was
helpful for non-host pepperweed to cope with As toxicity by
decreasing root As concentration and without any suppressing
effect on biomass production. Our study highlighted that AMF
had some effect for pepperweed to adapt to As contamination,
which provides further evidence for the protective effects of
AMF on non-host plants against As contamination. Moreover,
owing that pepperweed can be eaten or used as amedicine, the
decreased root As concentration of pepperweed would finally
guarantee the food or medicine security of humans. Given the
fact that there is little information available on themechanisms
of AMF role in non-host plant resistance toAs, further studies to
provide direct evidences for the interaction of AMF to non-host
plants in As metabolism are warranted.
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