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A B S T R A C T

It has been well demonstrated that arbuscular mycorrhizal (AM) symbiosis can improve plant chromium (Cr)
tolerance, but the detoxification mechanisms are still unsolved. In the present study the role of AM symbiosis in
plant sulfur (S) acquisition and metabolism related to Cr detoxification was investigated. Medicago truncatula
plants were cultivated with/without AM fungus Rhizophagus irregularis in Cr(VI) contaminated soils at two soil S
and phosphorus (P) concentrations. Sulfur uptake, transport and metabolism by plants were determined by
biochemical and molecular methods. Meanwhile, Cr uptake and transformation were characterized by using
spectroscopic methods, including synchrotron based X-ray absorption near edge structure (XANES) analysis. The
results indicated that mycorrhizal inoculation improved plant S acquisition by up-regulating the expression of
high affinity sulfate transporter genes (i.e. MtSULTR1.1, MtSULTR1.2) in plant roots. Mycorrhizal colonization
also systematically regulated S transport and metabolism for Cr(VI) detoxification. XANES analysis revealed the
Cr immobilization in AM roots by phosphate and histidine-like ligands rather than thiol groups. Correlation
analysis further confirmed possible involvement of S metabolites in the relief of Cr induced oxidative stress.
Mycorrhizal effects were more pronounced under low P condition. The study allowed a new insight into the
mechanisms of enhanced plant Cr tolerance by AM symbiosis.

1. Introduction

Chromium (Cr) pollution has become a serious environmental pro-
blem worldwide due to excessive Cr containing effluents discharged by
industrial activities (Zayed and Terry, 2003). Chromium usually exists
in two oxidation status: Cr(III) and Cr(VI), among which Cr(III) is very
stable with a low mobility, while Cr(VI) is highly mobile and much
more toxic and carcinogenic in the environment (Losi et al., 1994).
Chromium is not an essential element for plants, and its excess usually
induces the production of reactive oxygen species (ROS) such as hy-
droxyl and superoxide radicals, leading to oxidative stress and cellular

damages (Kováčik et al., 2015; Labra et al., 2006; Shanker and
Pathmanabhan, 2004; Sharma et al., 2003). The investigation on the
roles of biotic (e.g., mycorrhizal fungi) and abiotic (e.g., mineral nu-
trients such as sulfur) factors in regulating Cr uptake and detoxification
in plants would be of great value for ecological restoration of Cr con-
taminated soils (Singh et al., 2013).

Arbuscular mycorrhizal (AM) fungi are ubiquitous soil fungi that
can form symbiosis with most terrestrial plants (Smith and Read, 2008).
In the AM symbiosis, AM fungi can take up phosphorus (P) from dis-
tance (Karandashov and Bucher, 2005; Pearson and Jakobsen, 1993)
through phosphate transporters in the fungi, e.g. GiPT (Campos-Soriano
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et al., 2010) and efficiently deliver it to plant roots via specific phos-
phate transporters e.g. MtPT4 (Javot et al., 2007), and in return receive
carbohydrates from plant partners (Jiang et al., 2017; Luginbuehl et al.,
2017). More importantly, AM symbiosis can improve plant adaptation
to various environment stresses that include drought, salinity, and
metal(loid) contaminations (Chen et al., 2007a,b; Daei et al., 2009;
Davies et al., 2001; Janouskova and Pavlikova, 2010; Wu et al., 2014;
Xu et al., 2014). Our previous study well demonstrated that AM sym-
biosis markedly alleviated plant Cr toxicity through immobilizing Cr in
roots (Wu et al., 2014). It was found that AM symbiosis could im-
mobilize Cr in fungal structures (e.g. extra- and intraradical hyphae,
spores) through complexation of Cr with phosphate or histidine ana-
logues, and thus reduce Cr translocation from AM fungi to plant roots
(Wu et al., 2016a,b, 2015). Besides direct Cr immobilization, AM
symbiosis may also enhance plant Cr tolerance through improving plant
mineral nutrition and facilitating the production of key metabolites,
such as Sufur (S)-metabolites and compounds, that may contribute to
detoxification of Cr(VI) in plants.

Previous studies demonstrated that AM symbiosis can improve plant
S acquisition through up-regulating the expression of high affinity
sulfate transporter genes (e.g. MtSULTR 1.1 and MtSULTR 1.2) in plant
roots (Casieri et al., 2012; Gigolashvili and Kopriva, 2014; Sieh et al.,
2013), influence S transport within plants through regulating the ex-
pression of low affinity sulfate transporter genes (e.g. MtSULTR2.1,
MtSULTR2.2, MtSULTR3.1, MtSULTR4.1 etc) (Casieri et al., 2012; Sieh
et al., 2013), and thus relieve S deficiency to plants (Wipf et al., 2014).
In addition, AM symbiosis can also increase plant S acquisition through
direct uptake and transport of S via extraradical mycelium (Allen and
Shachar-Hill, 2009; Gigolashvili and Kopriva, 2014). The enhanced S
uptake by plants can thus provide basis for synthesizing various S-
bearing compounds that contribute to Cr detoxification (Holland and
Avery, 2011). It is reported that some S metabolites such as cysteine
(Cys), glutathione (GSH) and phytochelatins (PCs) can contribute to
alleviation of Cr phytotoxicity (Gill et al., 2016; Qiu et al., 2013;
Sobrino-Plata et al., 2014). Sulfur metabolites can either combine with
Cr through their thiol groups and reduce Cr toxicity in plants or mi-
croorganisms (Howe et al., 2003; Levina et al., 2007; Wu et al., 2015),
or serve as nonenzymatic antioxidants and take part in scavenging ROS
induced by Cr stress (Sobrino-Plata et al., 2014). Considering the im-
portance of S metabolism in Cr detoxification, and the involvement of
AM symbiosis in plant S acquisition, it is hypothesized that AM sym-
biosis can potentially alleviate Cr phytotoxicity through influencing
plant S uptake and S metabolism. This proposed mechanism may
deepen our understanding of the physiological mechanisms underlying
the Cr tolerance of AM symbioses, which is complementary to our
previous studies (Wu et al., 2016a,b, 2015) that highlighted the
translocation and transformation of Cr by AM symbioses.

The present study therefore aimed to investigate mycorrhizal effects
on S uptake and metabolism in plant roots in relation to plant Cr tol-
erance, by using the model legume plant Medicago truncatula and AM
fungus Rhizophagus irregularis. It was hypothesized that: (1) Mycorrhizal
inoculation can enhance plant S uptake by up-regulation of the ex-
pression of key S transporter genes under Cr(VI) stress; (2) Mycorrhizal
inoculation can facilitate the production of key S metabolites (i.e. Cys,
GSH, PCs) in plants which consequently lead to Cr(VI) detoxification;
(3) S metabolites take part in both Cr(III) chelation (through thiols) and
the relief of oxidative stress induced by Cr(VI) in AM plants. In the
experiment, the mycorrhizal effects on S uptake and metabolism were
investigated at both low and high soil S concentrations. Given that P
supply can largely influence AM symbiosis development and functions
(Black and Tinker, 1977; Carbonnel and Gutjahr, 2014; Chu et al.,
2013; Lee and George, 2005; Nouri et al., 2014), two soil P con-
centrations were also considered to examine how P status influence AM
functions towards plant S nutrition and Cr tolerance.

2. Materials and methods

2.1. Growth substrate, host plants and AM fungal inoculum

Experimental soil was collected from Panggezhuang, Daxing dis-
trict, Beijing (39.8360 N, 116.8180 E), passed through 2-mm sieve and
sterilized by γ-radiation (20 kGy) before use. Details of the soil prop-
erties are displayed in Table S1. Before sowing, basal nutrients in-
cluding N (120mg kg−1) and K (120mg kg−1) were carefully mixed
into the soil.

Seeds of Medicago truncatula cv. Jemalong A17 were obtained from
the Institute of Subtropical Agriculture, Chinese Academy of Sciences.
The seeds were scarified in sulfuric acid for approximately 10min,
carefully washed with Milli-Q water, and then pregerminated in dark-
ness on moist filter paper until the emergence of radicles.

The AM fungus Rhizophagus irregularis BGC AH01 was provided by
the Beijing Academy of Agriculture and Forestry Sciences. The fungal
inoculum was a mixture of growth substrate, fungal spores (approxi-
mately 150 spores g−1), mycelia and colonized root fragments.

2.2. Experimental design

The soil was amended with 20mg kg−1 Cr(VI) (Our short-term Cr
(VI) exposure experiment confirmed that 20mg kg−1 Cr(VI) addition
could pose toxicity to plants under experimental conditions, see
Supplementary information (SI)), which was then incubated for 1
month to allow for equilibrium. Two soil S concentrations (0 and
60mg kg−1 S in the form of K2SO4, realistic concentrations according to
Casieri et al. (2012)) and two soil P concentrations (0 and 60mg kg−1 P
in the form of KH2PO4, realistic concentrations according to Wu et al.
(2016a)) were designated to investigate their effects on mycorrhizal
functions towards plant Cr tolerance. For each of the 4 combinations of
P and S treatments, plants were inoculated with/without AM fungus.
For AM inoculation treatment, 600 g amended soils were firstly put into
the pot, and then 300 g soil containing 30 g fungal inoculum were
added to the top. For non-inoculation controls, 30 g sterilized AM
fungal inoculum together with 10mL inoculum filtrate were added to
reintroduce soil microbial communities except for AM fungi. Seedlings
were thinned to 4 per pot one week after emergence.

In total, there were 8 treatments with 4 replicates, resulting in 32
pots. The experiments were conducted in a controlled environment
greenhouse at 14/10 h (light/dark) and 25/20 °C. The light intensity
was 500–1100 μmol m−2s−1, maintained by natural light and supple-
mentary lights from high pressure sodium lamps. Each pot was daily
watered by weighing to maintain water content of 15% on a weight
basis.

2.3. Plant harvest and sample preparation

Plant roots, stems and leaves were separately harvested at 120 days
after planting. Plant shoots and roots were carefully washed with dis-
tilled water and weighed to obtain the fresh weights. Subsamples of
roots were prepared for AM colonization assessment. Part of the plant
roots, stems and leaves were lyophilized with a freeze-dryer at −50 °C
for 48 h. The dried samples were motor-homogenized in liquid nitrogen
for chemical analysis (S, P and Cr concentration, and Cr speciation), the
left fresh root and leaf samples were kept in liquid N2 and then trans-
ferred to −80 °C for RNA extraction and biochemical analysis.

2.4. AM colonization assessment

Arbuscular mycorrhizal (AM) colonization was determined ac-
cording to Phillips and Hayman (1970) by omitting phenol from the
rinse. Briefly, sub-samples of fresh roots were cut into 1-cm fragments,
cleared in 10% KOH, and rinsed in 2% HCl, and then stained with
0.05% Trypan blue. Thirty pieces of randomly selected stained root
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fragments were observed with a light microscope, the intensity of the
mycorrhizal colonization (M%), the frequency of root colonization (F%)
and the arbuscule abundance (A%) in the whole root system, as well as
the intensity of mycorrhizal colonization (m%) and arbuscular abun-
dance (a%) in the mycorrhizal root fractions, were assessed by using
MYCOCALC software (www2.dijon.inra.fr/mychintec/Mycocalc-prg/
download) (Trouvelot et al., 1986).

2.5. Biochemical analysis

Malondialdehyde (MDA) (indicative of oxidative stress) content in
plant leaves was measured using a modified thiobarbituric acid method
(Tang et al., 2013) (see in SI). The chlorophyll in leaves was extracted
by 96% (v/v) ethanol and determined according to Wellburn and
Lichtenthaler (1984).

2.6. RNA isolation and gene expression analysis

Total RNA was extracted from plants by using TRIzol (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions, and quantified
by the NanoDrop device. Complementary DNA (cDNA) was then syn-
thesized from the RNA samples by using a PrimeScript® RT Reagent Kit
(TAKARA Biotechnology Co. Ltd, Dalian, China). Expression of sulfate
and phosphate transporter genes were analyzed by quantitative real-
time PCR (qRT-PCR) using the Bio-Rad iQ5 Optical system (Bio-Rad
Laboratories, Hercules, CA). The primers for gene amplification are
shown in Table S2, and details on qRT-PCR analysis are described in SI.

2.7. P, Cr and S determination

The lyophilized and homogenized plant samples were digested in
HNO3 using a microwave- accelerated reaction system (Mars 5, CEM
Microwave Technology Ltd., Matthews, NC). Chromium and P con-
centrations were determined by an inductively coupled plasma atomic
emission spectrometer (ICP-AES, Prodigy, Leemans, NH). Blanks and
internal standards of bush leaves (GBW07603, China Standard Research
Center) were included to ensure accuracy of the chemical analyses.
Total S concentration was assessed by using elemental analysis system
(Vario EL III, GmbH, Koenigswinter, Germany). Cys, GSH and phy-
tochelatins PCs contents in plants were determined by using enzyme-

linked immunosorbent assay (ELISA) Kit (RapidBio Ltd., West Hills, CA)
according to the manufacturer’s instructions.

2.8. Cr speciation—XANES analysis

To analyze the Cr speciation in plants, synchrotron based X-ray
absorption near edge structure (XANES) was employed, which can
serve as a powerful tool for metal(loid) speciation analysis in biological
and environmental samples (Parsons et al., 2002). The freeze-dried and
homogenized plant samples were pressed into thin slices with a dia-
meter of 10mm and a thickness of 2mm and then attached to 3M tape
(cat. 810, 3M Company, St. Paul, MN). The XANES spectra of the root
samples were collected on beamline 1W1B at Beijing Synchrotron Ra-
diation Facility (BSRF). XANES spectra for leaves and stems were not
accessible as their Cr concentrations were too low to be applicable for
XANES analysis under the experimental conditions. The XANES spectra
were analyzed with the program ATHENA of the software package
IFEFFIT (Ravel and Newville, 2005). Detailed methods are described in
the SI.

2.9. Statistical analysis

Plant fresh weights, physiological traits, mycorrhizal colonization,
gene expression, S metabolite contents, as well as S, Cr and P con-
centrations were subjected to three-way analysis of variance (ANOVA)
to examine the effects of mycorrhizal inoculation, soil P and S con-
centrations by using the SPSS statistical package (Ver 18, IBM, Armonk,
NY). The significance of differences between treatments was analyzed
by Duncan’s multiple range test (P < 0.05). Two way clustering heat-
chart was used to investigate the influence of AM fungal inoculation, S
and P amendment on the expression of sulfate transporter genes in
roots. Sulfur (or Cr) translocation factor was calculated as the ratio of S
(or Cr) concentrations in leaves (or stems) to that in roots. Pearson
correlation coefficients among Cr, MDA and S metabolites (Cys, GSH,
and PCs) were analyzed using the SPSS statistical package.

Table 1
Mycorrhizal colonization, plant fresh weight, chlorophyll (Chl) and malondialdehyde (MDA) content in Medicago truncatula plants grown in Cr(VI) contaminated soils under different
treatments. Mean ± SD (n= 4).

P and S
treatment

Mycorrhizal
treatment

M% A% Shoot fresh weight Root fresh weight Leaf Chl Leaf MDA Root MDA

(g pot−1) (g pot−1) content (mg g−1) content (nmol g−1) content (nmol g−1)

-P-S NM 0 0 0.61 ± 0.15e 1.01 ± 0.17c 1.97 ± 0.10c 24.9 ± 3.34b 19.1 ± 1.50c
AM 63.6 ± 4.50c 51.4 ± 3.50a 5.55 ± 1.21d 6.06 ± 1.17b 2.90 ± 0.38ab 19.8 ± 0.82c 19.0 ± 2.91c

-P+ S NM 0 0 0.65 ± 0.24e 1.34 ± 0.41c 2.43 ± 0.49b 32.9 ± 1.13a 20.7 ± 1.26bc
AM 85.4 ± 6.08a 62.4 ± 6.17a 11.7 ± 0.67b 8.95 ± 1.19a 3.16 ± 0.18a 20.0 ± 1.72c 20.7 ± 1.26bc

+P-S NM 0 0 7.91 ± 0.78c 8.98 ± 0.66a 2.41 ± 0.31b 18.5 ± 1.76 cd 23.0 ± 1.63ab
AM 77.7 ± 7.33ab 48.8 ± 12.3a 14.9 ± 2.89a 9.46 ± 1.28a 2.92 ± 1.06ab 15.9 ± 3.71 cd 24.4 ± 1.65a

+P+S NM 0 0 6.97 ± 1.55 cd 8.28 ± 1.47a 2.87 ± 0.06b 19.1 ± 3.39 cd 22.3 ± 1.22ab
AM 73.6 ± 1.38bc 50.0 ± 5.94a 12.8 ± 0.69b 8.96 ± 0.75a 3.29 ± 0.22a 15.2 ± 0.69d 18.9 ± 1.32c

Significance
AM ** ** * ** ns
P ** ** ns ** *
S ns ns * * ns
AM×P ns ** ns * ns
AM×S * ns ns * ns
P× S ** * ns * *
AM×P×S ** ns ns ns ns

Note: “+/−P” represent “with/without P amendment”; “+/−S” represent “with/without S amendment”; “AM/NM” represent “with/without AM inoculation”; “M%” represents “the
intensity of root colonization in the whole root system”; “A%” represents “arbuscule abundance in whole root system”. For ANOVA, AM: AM inoculation, P: P amendment, S: S
amendment. Significance of three way ANOVA: ns, not significant; *, P < 0.05; **, P < 0.01. Different letters following the means in the same column indicate significant difference
(P < 0.05).
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3. Results

3.1. AM symbiosis development and plant growth

Despite Cr(VI) contamination, R. irregularis successfully colonized
host plants, as shown by the typical fungal structures in plant roots (Fig.
S1). Mycorrhizal colonization (M%) and arbuscule abundance (A%) in
the whole root system were above 60% and 40% for all inoculation
treatments (Table 1 and Table S3). The frequency of root colonization
(F%) was above 95%, the intensity of root colonization (m%) and ar-
buscule richness (a%) in the mycorrhizal root fractions were above 66%
and 62% respectively (Table S3). Phosphorus amendment decreased m
% and M% under high S treatment, while S amendment increased F%,
m% and M% under low P treatment (Table 1 and S3). For non-in-
oculation treatments, no mycorrhizal colonization in plant roots was
observed (Fig. S1C, Table 1 and S3).

As shown in Fig. S1, after 120 days’ cultivation in Cr(VI) con-
taminated soils, mycorrhizal plants exhibited greater biomass than
nonmycorrhizal plants. AM symbiosis dramatically increased shoot
fresh weights irrespective of S and P treatments, but only increased root
fresh weights under low P condition (Table 1). Phosphorus amendment
generally improved plant growth (except for mycorrhizal plants under
high S condition), while S amendment showed no effects on plant
growth (Table 1).

3.2. Plant physiological traits and P nutrition

Mycorrhizal inoculation increased leaf chlorophyll contents except
high P and low S condition. Sulfur amendment also increased chlor-
ophyll contents under low P treatment, while P amendment had no
influence on leaf chlorophyll contents (Table 1).

Generally, mycorrhizal inoculation decreased leaf MDA contents
under low P condition, while had no influence on root MDA contents.
Phosphorus amendment decreased leaf MDA contents but increased
root MDA contents for nonmycorrhizal roots. By contrast, S amendment
showed no significant effects on leaf and root MDA contents (Table 1).

Mycorrhizal inoculation increased plant P concentrations, while S
amendment had no influence on plant P concentrations. Phosphorus
amendment increased plant P concentrations only for nonmycorrhizal
plants (Fig. S2). Consistently, mycorrhiza-specific phosphate trans-
porter genes MtPT4 and GiPT were amplified in mycorrhizal roots other
than nonmycorrhizal roots (Fig. S3). Phosphorus amendment down-
regulated MtPT4 expression under low S condition but showed no ef-
fects upon S amendment. Expression of GiPT in AM roots was also de-
creased by P amendment (Fig. S3).

3.3. Plant S uptake, transport and metabolism

Mycorrhizal inoculation dramatically increased plant S concentra-
tions and decreased S translocation factor under low P condition (Fig. 1,
Fig. S4). Generally, S amendment showed no influence on plant S
concentrations (Fig. 1).

In general, P amendment down-regulated the expression of
MtSULTR1.2 but up-regulated the expression of MtSULTR1.3 and
MtSULTR4.1 in mycorrhizal roots under low S treatment. Sulfur
amendment up-regulated the expression of MtSULTR2.1b, MtSULTR2.2
and MtSULTR4.1 in roots under low P treatment (Fig. 2, Table S4).

Mycorrhizal inoculation generally up-regulated the expression of
MtSULTR1.1, MtSULTR1.2 and MtSULTR1.3, but had no effects on the
expression of MtSULTR2.1a, MtSULTR2.1b and MtSULTR2.2 in roots.
AM also up-regulated the expression of MtSULTR3.1 (under low P and
low S condition) and MtSULTR4.1 (under high S treatment) in roots
(Fig. 2, Table S4).

Phosphorus amendment generally decreased Cys, GSH and PCs
contents in leaves, but had no influence on those in roots (Fig. 3). Sulfur
amendment decreased root Cys contents, while had no influence on

other S metabolites (Fig. 3). Mycorrhizal inoculation decreased Cys,
GSH and PCs contents in leaves under low P condition, while showed no
influence under high P condition (Fig. 3). On the other hand, mycor-
rhizal inoculation generally had no influence on GSH and PCs contents
in roots, but decreased root Cys contents under low P and low S con-
dition (Fig. 3).

3.4. Cr uptake and transformation in plants

Sulfur amendment had no effects on plant Cr concentrations, while
mycorrhizal inoculation together with P amendment significantly in-
fluenced plant Cr concentrations (Fig. 4). Under low P condition, my-
corrhizal inoculation decreased shoot Cr concentrations, but increased
root Cr concentrations. Under high P condition, mycorrhizal inocula-
tion decreased shoot Cr concentrations while had no influence on root
Cr concentrations (Fig. 4). However, irrespective of soil P and S con-
ditions, mycorrhizal inoculation decreased Cr translocation factor in
plants (Fig. S5).

XANES analysis showed that nearly all Cr in plant roots were in the
form of Cr(III), as there were no peaks at 5993 eV (the pre-edge peak for
XANES spectrum of Cr(VI)) for root samples (Fig. 5A). In addition, the
white line of Cr(III)-phosphate at about 6009 eV was detected in nearly
all root samples. In order to further investigate possible ligands that
complex with Cr(III), principal component analysis (PCA) and linear
combination (LC) analysis of Cr K edge XANES spectra were conducted.
The results indicated that Cr mainly existed in the form of Cr(III)-
phosphate (38.0%-66.6%), Cr(III)-cysteine (18.1%-36.7%), and Cr(III)-
acetate (10.9%-36.9%) in nonmycorrhizal roots (Fig. 5B). Mycorrhizal
inoculation increased the percentage of Cr(III)-phosphate and Cr(III)-
histidine fraction while decreased that of Cr(III)-acetate and Cr(III)-
cysteine fraction in plant roots (Fig. 5B, Table S5).

4. Discussion

In contrast to our previous studies, which mainly examined Cr
translocation and transformation in AM symbioses (Wu et al., 2014,
2015, 2016a,b), the present study aimed to investigate the physiolo-
gical mechanisms underlying the alleviated Cr phytotoxicity by AM
symbiosis with respect to S uptake and metabolism. The results sup-
ported our hypothesis that AM symbiosis increased plant S uptake
through up-regulation of the expression of high affinity sulfate trans-
porter genes in roots. AM symbiosis systematically regulated S transport
and metabolism in plants for Cr detoxification. Further biochemical and
spectroscopic study revealed the possible contribution of S metabolites
to the relief of oxidative stress rather than Cr(III) chelating and im-
mobilization in AM roots. Overall, the study provided new information
on the role of S uptake and metabolism in Cr tolerance of AM sym-
bioses.

4.1. AM symbiosis improved plant growth and S uptake under Cr(VI)
contamination while single S amendment did not

In the present study, we predicted that single S amendment could
increase plant S uptake and thus improve plant performance under Cr
(VI) contamination. However, the results showed that S amendment
had no influence on plant growth and S uptake for nonmycorrhizal
plants (Table 1, Fig. 1). This is also different from Sieh et al. (2013),
who found that S addition increased plant S uptake without Cr stress.
The reason might be that Cr(VI) and sulfate were reported to share the
same transporter system (Babyak et al., 2005; de María Guillén-Jiménez
et al., 2008; Pereira et al., 2008; Schiavon et al., 2007; Skeffington
et al., 1976), and Cr(VI) exposure suppressed the sulfate uptake system
and thus restrained plant S acquisition even when S was supplied.
However, when plants were colonized by AM fungi, S amendment in-
creased plant S uptake (Fig. 1), implying there may be other pathways
for S uptake in AM roots.
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Consistent with our assumption, mycorrhizal inoculation sig-
nificantly increased plant S concentrations and consistently up-regu-
lated the relative expression of high affinity sulfate transporter genes
MtSULTR1.1 and MtSULTR1.2 in roots especially under low P condition

(Fig. 1, Fig. 2 and Table S4). This indicated that AM symbiosis may
enhance S uptake from soils by inducing group 1 sulfate transporters
(Gigolashvili and Kopriva, 2014). According to Giovannetti et al.
(2014), there may be a symbiotic pathway for S uptake across the

Fig. 1. Sulfur (S) concentrations in leaf (A), stem (B) and root (C) of
Medicago truncatula plants grown in Cr(VI) contaminated soils under
different treatments. “+/−P” represent “with/without P amend-
ment”; “+/−S” represent “with/without S amendment”; For ANOVA,
AM: AM inoculation, P: P amendment, S: S amendment. Significance
of three way ANOVA: *, P < 0.05; **, P < 0.01. Different letters
above columns indicate significant difference (P < 0.05). Open col-
umns represent uninoculated plants, while filled columns represent
inoculated plants.
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periarbuscualr membrane in Medicago truncatula, and the high affinity
sulfate transporters may take part in both direct and symbiotic S up-
take.

4.2. AM symbiosis regulated S transport and metabolism in plants under Cr
(VI) contamination

Similar to Casieri et al. (2012) and Sieh et al. (2013), AM symbiosis
generally had no influence on the expression of group 2 sulfate trans-
porters (MtSULTR 2.1a, MtSULTR 2.1b and MtSULTR 2.2) in roots
(Fig. 2, Table S4), which are responsible for S translocation from roots
to shoots (Gigolashvili and Kopriva, 2014). This resulted in lower S
translocation factor in mycorrhizal plants compared with nonmycor-
rhizal plants (Fig. S4). Decreased S translocation factor and more S kept
in roots may essentially contribute to Cr detoxification, as most Cr was
stabilized in AM roots (Fig. S5). At the same time, MtSULTR4.1 (en-
codes vacuolar S exporters) (Gigolashvili and Kopriva, 2014) expression
in roots was generally up-regulated by AM symbiosis (Fig. 2), indicating

that AM can potentially stimulate S efflux from vacuoles, and thus fa-
cilitate S assimilation in cytoplasm.

Accumulation of S metabolites such as GSH can potentially reflect S
deficiency (Lappartient and Touraine, 1997; Vauclare et al., 2002), thus
the reduced S metabolites in leaves may indicate relieved S deficiency
by AM symbiosis under Cr(VI) stress. In contrast to Sieh et al. (2013), S
amendment did not reduce S metabolite contents in leaves and roots in
the present study (Fig. 3). One reason may be that Cr(VI) suppressed S
uptake as they may share the same transport system (Babyak et al.,
2005; Skeffington et al., 1976). The other possibility may be that plants
need more S metabolites for Cr detoxification upon Cr(VI) stress
(Holland and Avery, 2011), and S supply cannot satisfy the S demand
under the experimental conditions. This may also explain why S
amendment did not down-regulate the relative expression of
MtSULTR1.1 and MtSULTR1.2 in AM roots. It is important to point out
that although the soil used in the present study was S deficient (Table
S1) according to Hu et al. (2005), leaf S concentrations were above the
reported threshold (0.3% w/w) for plant S deficiency (Andrew, 1977;
Hoffmann et al., 2004). However, this does not necessarily support that
the plants were not S deficient in the present study, as Cr stress may
modify the situation.

4.3. AM symbiosis enhanced complexation of Cr with phosphate and
histidine- like ligands over thiol ligands

In consistence with our previous study (Wu et al., 2014), AM en-
hanced Cr stabilization in plant roots (Fig. 4, Fig. S5), which may result
from the immobilization of Cr by fungal structures including extra- and
intra-radical mycelium (Wu et al., 2015, 2016a). Furthermore, syn-
chrotron based XANES analysis showed that all Cr(VI) was completely
reduced into Cr(III) in plant roots (Fig. 5A), which was consistent with
our previous research (Wu et al., 2015, 2016b). This may result from
reducing compounds (e.g. phenols, soluble organic carbons, GSH etc) or
chromate reductase in plant tissues (Ackerley et al., 2004). Further LC-
XANES analysis found that most of the Cr(III) in roots was complexed
with phosphate analogues, with small amount of Cr complexed with
acetate, systeine or histidine analogues, which was in accordance with
previous reports (Aldrich et al., 2003; Lytle et al., 1998; Mongkhonsin
et al., 2011; Zayed et al., 1998).

It should be noted that certain amount (18%–36%) of Cr(III)-cy-
steine analogues in nonmycorrhizal plant roots was detected, indicating
possible complexation of Cr(III) with thiols. This showed that some of

Fig. 2. Cluster analysis of transcriptional fold changes of sulfate transporter genes
(MtSULTR1.1, MtSULTR1.2, MtSULTR1.3, MtSULTR2.1a, MtSULTR2.1b, MtSULTR2.2,
MtSULTR 3.1, MtSULTR4.1) in roots of Medicago truncatula plants grown in Cr(VI) con-
taminated soils under different treatments. The color key indicates fold changes of mRNA.
The cluster analysis of gene expression was computed by Heml1.0. “+/−P” represent
“with/without P amendment”; “+/−S” represent “with/without S amendment”, “AM/
NM” represent “with/without AM inoculation”.

Fig. 3. Cysteine (Cys), glutathione (GSH) and phytochelatins (PCs) contents in leaves (A, B and C) and roots (D, E and F) of Medicago truncatula plants grown in Cr(VI) contaminated soils
under different treatments. “+/−P” represent with/without P amendment; “+/−S” represent with/without S amendment. For ANOVA, AM: AM inoculation, P: P amendment, S: S
amendment. Significance of three way ANOVA: *,P < 0.05; **, P < 0.01; Different letters above columns indicate significant difference based on Duncan’s multiple range test
(P < 0.05). Open columns represent uninoculated plants, filled columns represent inoculated plants.
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the S metabolites may be involved in complexation of Cr and thus
contribute to Cr detoxification. However, AM symbiosis decreased the
percentage of Cr(III)-cysteine and Cr(III)-acetate, while increased that
of Cr(III)-phosphate and Cr(III)-histidine (Fig. 5B). The decreased Cr
(III)-cysteine by AM fungal inoculation indicated that S metabolites

may not primarily participate in Cr immobilization in mycorrhizal
roots. This is not consistent with our hypothesis, leading us to predict
that S metabolites may contribute to Cr detoxification through other
ways (e.g. relief of oxidative stress). Similar with our previous studies
(Wu et al., 2015; 2016b), the increased Cr(III)-phosphate percentage in

Fig. 4. Chromium (Cr) concentrations in leaf (A), stem (B) and root
(C) of Medicago truncatula plants grown in Cr(VI) contaminated soils
under different treatments. “+/−P” represent “with/without P
amendment”; “+/−S” represent “with/without S amendment”. For
ANOVA, AM: AM inoculation, P: P amendment, S: S amendment.
Significance of three way ANOVA: *, P < 0.05; **, P < 0.01.
Different letters above columns indicate significant difference
(P < 0.05). Open columns represent uninoculated plants, while filled
columns represent inoculated plants.
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roots could further reduce Cr mobility and toxicity. The increased Cr
(III)-histidine percentage by AM symbiosis implied that certain part of
Cr was compartmented in intraradical fungal structures, as previous
study indicated that Cr(III) might exist in the form of Cr(III)-histidine
analogues inside AM fungi (Wu et al., 2015). The binding of Cr mainly
to phosphate and histidine analogues and possible compartmentation of
Cr in fungal structures could reduce Cr mobility and thus decrease Cr
phytotoxicity.

4.4. Sulfur metabolites were involved in the relief of oxidative stress caused
by Cr(VI)

Although thiols in S metabolites was found to complex with Cr and
thus reduced Cr toxicity as revealed by LC-XANES analysis, this mainly
occurred in nonmycorrhizal roots rather than mycorrhizal roots
(Fig. 5). It suggests that S metabolites may get involved in alleviation of
Cr toxicity other than complexation with Cr in mycorrhizal roots.

It is important to point out that during the Cr(VI) reduction, ROS
can be produced, leading to oxidative stress (Appenroth et al., 2000;
Kováčik et al., 2014, 2015; Kováčik et al., 2013; Labra et al., 2006;
Panda et al., 2016). As key S metabolites usually play an important role
in relieving oxidative stress, we speculated that the S metabolite con-
tents in plants should be consistent with that of oxidative stress. Sulfur
metabolite (i.e. Cys, GSH and PCs) contents generally showed positive
correlations with MDA contents (widely adopted to represent oxidative
stress in plants) in leaves and roots (Fig. 6). This implied that S meta-
bolites may be involved in the relief of oxidative stress caused by Cr. In
fact, in our preliminary experiment using the same plant and AM fungal
species (short-term Cr(VI) exposure study, see SI) we found that Cr(VI)
exposure could induce plant MDA accumulation (Fig. S6). Accordingly,
leaf S metabolite contents displayed similar relations with MDA levels

upon Cr(VI) stress (Fig. S6), which was consistent with the results of
Schiavon et al. (2007) and Kováčik et al. (2014), implying the possible
involvement of S metabolites in alleviation of oxidative stress. There are
several ways that S metabolites can alleviate oxidative stress. Sulfur
metabolites like GSH can serve as nonenzymatic antioxidants and take
part in scavenging ROS induced by Cr stress (Qiu et al., 2013). GSH can
also act as a signal intermediate in stimulating the ROS scavenging
enzymes such as ascorbate peroxidase (Shanker and Pathmanabhan,
2004). In addition, Cys, as the precursor of GSH, also indirectly parti-
cipates in ROS scavenging, or directly takes part in redox-activity, and
thus contributes to oxidative stress alleviation (Hawkesford and De
Kok, 2006; Sinha et al., 2009).

4.5. P supply regulated AM functions

It has been demonstrated that P supply largely influences AM for-
mation and functions, as there is a feedback strategy in development
regulation of the fungal structures (i.e. arbuscules) depending on plant
P nutrition status (Black and Tinker, 1977; Carbonnel and Gutjahr,
2014; Chu et al., 2013; Javot et al., 2007; Karandashov and Bucher,
2005; Lee and George, 2005; Nouri et al., 2014). In the present study, P
amendment decreased m% and M% under high soil S concentration
(Table 1 and S3), and may have inhibited mycorrhizal functions as the
expression level of MtPT4 and GiPT in mycorrhizal roots decreased
upon P amendment (Fig. S3). Our study also demonstrated that the
effects of AM symbiosis on plant S and Cr uptake was influenced by P
amendment. The beneficial effects of AM symbiosis on stress resistance
of host plants were more pronounced under low P condition. Possible
explanations could be that the improved plant P nutrition by P
amendment can potentially suppress the development of symbiotic
structures (i.e. arbuscules), and further influence mycorrhizal functions

Fig. 5. Linear combination analysis of chromium K edge
XANES spectra of root samples from different treatments. (A)
The LCF fitting curves. (B) The percentage of each Cr species
in roots under different treatments as revealed by LC-XANES
analysis. In (A), the black circle lines are root sample spectra,
and the red lines are the fitted spectra. XANES spectra of
some standard Cr compounds are also shown. The purple line
represents K2CrO4, the green line represents Cr(III)-phos-
phate, the blue line represents Cr(III)-histidine, the black line
represents Cr(III)-systeine, and the orange line represents Cr
(III)-acetate. Dashed black lines indicate characteristic peaks
of different standard Cr compounds: a, 5993 eV; b, 6007 eV;
c, 6009 eV; d, 6012 eV; e, 6021 eV; f, 6039 eV “+/−P” re-
present “with/without P amendment”; “+/−S” represent
“with/without S amendment”; “AM/NM” represent “with/
without AM inoculation”. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 6. Correlation network showing Pearson correlations
among Cr, S, phytochelatins (PCs), glutathione (GSH), cy-
steine (Cys) and malondialdehyde (MDA) concentrations in
leaves and roots of Medicago truncatula plants under Cr(VI)
contaminations. Blue lines represent positive correlation, red
lines represent negative correlation. The thickness of the lines
indicate the correlation coefficient value (thicker lines,
higher correlation coefficient). The Pearson correlation was
performed using SPSS package, and the graph was drawn
based on the statistical results. For significance of the corre-
lation analysis, ns, not significant; *, P < 0.05; **, P < 0.01.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this ar-
ticle.)
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such as nutrient (including S) uptake and assimilation. Moreover,
phosphate can improve plant resistance to metal(loid)s through direct
interactions with metal(loid)s (Arshad et al., 2016; Du et al., 2014;
Singh et al., 2015), which could decrease plant dependence on AM
symbiosis to withstand the Cr contaminated environments.

5. Conclusion

In this study, we proposed that Cr detoxification in AM symbiosis is
closely related to S uptake and metabolism. Our experiments supported
that AM symbiosis could up-regulate the expression of high affinity
sulfate transporter genes, facilitate plant S acquisition and S metabo-
lism (i.e. Cys, GSH, PCs) for Cr(VI) detoxification. Key S metabolites
might contribute to the relief of oxidative stress, while phosphate and
histidine-like groups (rather than thiol groups) contributed to Cr sta-
bilization in mycorrhizal roots as revealed by synchrotron based XANES
analysis. Moreover, the mycorrhizal effects are P dependent, and low
soil P concentration could stimulate AM functions. The study also
supported the possible use of AM fungi together with sulfur application
for bioremediation of Cr contaminated soils. Further studies are ne-
cessary to further elucidate the role of S metabolites in Cr detoxification
in mycorrhizal plants.
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