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Abstract Arbuscular mycorrhizal fungi are able to improve
plant establishment in polluted soils but little is known about
the genes involved in the plant protection against pollutant
toxicity by mycorrhization, in particular in the presence of
polycyclic aromatic hydrocarbons (PAH). The present work
aims at studying in both symbiotic partners, Medicago
truncatula and Rhizophagus irregularis: (i) expression of
genes putatively involved in PAH tolerance (MtSOD,
MtPOX, MtAPX, MtGST, MtTFIIS, and MtTdp1α), (ii) activ-
ities of antioxidant (SOD, POX) and detoxification (GST)
enzymes, and (iii) H2O2 and the heavy PAH, benzo[a]pyrene
(B[a]P) accumulation. In the presence of B[a]P, whereas in-
duction of the enzymatic activities was detected in
R. irregularis and non-mycorrhizal roots as well as upregula-
tion of the gene expressions in the non-mycorrhizal roots,
downregulation of the gene expressions and decrease of en-
zyme activities were observed in mycorrhizal roots.
Moreover, B[a]P increased H2O2 production in non-
mycorrhizal roots and in R. irregularis but not in mycorrhizal
roots. In addition, a lower B[a]P bioaccumulation in mycor-
rhizal roots was measured in comparison with non-
mycorrhizal roots. Being less affected by pollutant toxicity,
mycorrhizal roots did not activate any defense mechanism
either at the gene expression regulation level or at the enzy-
matic level.
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Introduction

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous pollut-
ants formed by incomplete combustion or pyrolysis of organic
matter (Shen et al. 2006). Owing to their great persistence in
soils, their natural dissipation is limited (Wild et al. 1991).
Moreover, because of their carcinogenic and/or mutagenic prop-
erties and their bioaccumulation in the food chain, PAH are
harmful (Khan et al. 2008). Numerous physical and chemical
methods, such as excavation, soil washing, or oxidoreduction,
have been developed to remove PAH from contaminated soils
(Soleimani et al. 2011). However, these methods are expensive,
often only partially effective, andmainly destroy soil life leading
to an inert material (Pimda and Bunnag 2012). So far, many
studies have indicated that phytoremediation is an attractive
alternative with environmental-friendly properties and low cost
compared to traditional approaches to clean contaminated soils
(Chigbo and Batty 2013). This Bgreen technology^ uses plants
and their associated microorganisms to degrade, stabilize, re-
duce, and/or remove pollutants from the environment (Pilon-
Smits 2005).

Possible mechanisms by which the most effective plants
enhance removal of PAH have been proposed to involve the
stimulation of PAH degrading rhizosphere microorganisms or,
alternatively, uptake by the plant with subsequent accumula-
tion in the plant tissues, enzymatic degradation, or volatiliza-
tion (Martin et al. 2014). Indeed, some plants are able to me-
tabolize organic pollutants, after absorption, through two ma-
jor steps: phase I involving oxidation of lipophilic xenobiotics
and phase II consisting of conjugation of the metabolite
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product of phase I to endogenous hydrophilic molecules such
as glutathione using glutathione-S-transferases (GST) (Dietz
and Schnoor 2001). But, in the main cases, organic pollutant
degradation results from the stimulation of degrading rhizo-
sphere microorganism activities (bacteria and saprotrophic
fungi) thanks to root exudates released by the plants.

Among the microorganisms that affect rhizosphere pro-
cesses, arbuscular mycorrhizal fungi (AMF) induce a series
of changes in plant physiology, nutrient availability, and mi-
crobial composition that may determine the outcome of a
phytoremediation attempt. Many studies have reported that
AMF are not only able to protect plants directly against PAH
(Lenoir et al. 2016a; Rajtor and Piotrowska-Seget 2016) but
also enhance bioremediation processes by stimulating soil mi-
crobial activity and improving soil structure (Joner and Leyval
2003; Gao et al. 2011). Whereas for lignolytic fungi, a corre-
lation was observed between PAH degradation and the pres-
ence of extracellular lignolytic enzymes, such as peroxidases
and laccases (Verdin et al. 2004; Dodor et al. 2004; Baborová
et al. 2006), no evidence of direct PAH catabolism by AMF
has been reported yet. No genes involved in lignin decompo-
sition, such as class II peroxidases, were found in the AMF
Rhizophagus irregularis (Tisserant et al. 2013). Nevertheless,
a positive contribution of the arbuscular mycorrhizal symbio-
sis in anthracene dissipation was demonstrated using
monoxenic cultures of chicory roots colonized by
R. irregularis in the absence of soil microorganisms (Verdin
et al. 2006).

A common consequence of most abiotic environmental
stresses is an imbalance between production and detoxifica-
tion of reactive oxygen species (ROS), such as superoxide
anion radical (O2

.-), hydrogen peroxide (H2O2), hydroxyl rad-
icals (.OH), and singlet oxygen (O1

.-). Sudden and dramatic
increases in cellular ROS production can lead to protein and
lipid oxidation as well as DNA breakage, upsetting cell ho-
meostasis (Miller et al. 2008). Fortunately, plants have the
capacity to cope with these ROS by using several antioxidant
enzymes and metabolites located in different plant cell com-
partments (Dat et al. 2000). For example, to fight against DNA
damage, plants can implement DNA repair systems. In
Medicago truncatula, two genes were described as being in-
volved in DNA repair: MtTdp1 and MtTFIIS encode the
tyrosyl-DNA phosphodiesterase enzyme and the transcription
elongation factor II-S, respectively (Yang et al. 1996;
Pommier 2003). Plants also possess ROS scavenging systems
including antioxidant enzymes such as superoxide dismutases
(SOD), peroxidases (POX), ascorbate peroxidases (APX), cat-
alases, and non-enzymatic defense like ascorbic acid and glu-
tathione (Niyogi 1999).

Arbuscular mycorrhizal fungi are able to improve plant
growth and health under PAH pollution through alleviation
of the oxidative stress caused by the pollutant (Debiane et al.
2008; Debiane et al. 2009). Indeed, several investigations

have addressed mycorrhiza-induced reduction of oxidative
stress. It was suggested that the tolerance of PAH phytotoxic-
ity by mycorrhizal plants resulted from the induction of enzy-
matic antioxidant systems such as SOD (Debiane et al. 2008;
Debiane et al. 2009; Li et al. 2011) and POX (Criquet et al.
2000; Rabie 2005; Li et al. 2011; Yu et al. 2011). But to date,
no genes implicated in mycorrhizal plant protection in the
presence of PAH have been described. Concerning AMF, only
a few genes encoding proteins putatively involved in ROS
homeostasis have been identified and characterized:
GmarCuZn-SOD1 (Lanfranco et al. 2005) and GintSOD1
(González-Guerrero 2005) encoding superoxide dismutases;
GintGRX1 encoding a glutaredoxin, a multifunctional protein
with oxidoreductase, peroxidase, and glutathione-S-
transferase activity (González-Guerrero 2005); and
GintPDX1 encoding a pyridoxine 5′-phosphate synthase, a
protein involved in vitamin B6 biosynthesis which acts as
antioxidant (González-Guerrero 2005).

At present, the role played by mycorrhization in plant tol-
erance of organic pollutants, in particular PAH, is less docu-
mented than for other abiotic stresses (i.e., metal pollution,
salinity, drought, acidity). Therefore, our work delves into this
context and aims to study it in both symbiotic partners,
M. truncatula and R. irregularis, as well as in their symbiosis,
including (i) the expression of genes putatively involved in
PAH tolerance, (ii) the activities of antioxidant (SOD, POX)
and detoxification (GST) enzymes, and (iii) H2O2 and B[a]P
accumulation.M. truncatula and R. irregularis have been rec-
ognized for their phytoremediation capacity (Chen et al. 2005,
Lenoir et al. 2016a, 2016b, 2016c). Their genomes have been
sequenced completely, and the selected genes of which ex-
pressions were studied in this work already have been de-
scribed as involved in various stress tolerance responses
(Lenoir et al. 2016a). Our experiments were carried out using
monoxenic cultures of non-mycorrhizal and mycorrhizal roots
grown in the absence or in the presence of B[a]P, a high mo-
lecular weight PAH usually detected in polluted soils. These
in vitro cultures are appropriate tools to monitor the PAH
impact on arbuscular mycorrhizal symbiosis because they
allow non-destructive observations of AMF and facilitate
obtaining a large quantity of biological material free of con-
taminant microorganisms.

Materials and methods

Root and fungal growth conditions

All the experiments were conducted in in vitro with Ri T-
DNA-transformed alfalfa roots (M. truncatula (L.) Gaertn.
var. Jemalong A17) colonized or not by the AMF
R. irregularis, DAOM 197198 (Schüßler and Walker 2010).
Cultures were established in bi-compartmental Petri dishes
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(9 cm). One compartment was filled with 25 ml of solidified
M medium (Becard and Fortin 1988) [solidified with 0.25%
(w/v) gellan gum (Phytagel, Sigma, St. Louis, USA)] without
B[a]P (control) where a piece of 1 cm2 of mycorrhizal or non-
mycorrhizal roots was added on medium. After 2 weeks, the
second compartment was filled with 20 ml of liquid M medi-
um without vitamins, sucrose, and gellan gum in the absence
of the pollutant to allow root development for 4 weeks at
27 °C in the dark. In this experiment, we allowed root growth
into the second compartment in order to facilitate the passage
of the AMF to the liquid compartment, and subsequently to
expose the fungus and the roots to the pollutant as in polluted
soil. After 4 weeks, the liquidmediumwas removed and 12ml
of fresh liquid M medium was added supplemented or not
with B[a]P (1400 μM) (Sigma-Aldrich, St. Louis, USA).
This sub-lethal concentration was chosen to resemble PAH
contamination levels generally found in soils worldwide, and
after checking its action on the expression of the studied
genes. Seven days after B[a]P addition, roots and AMF
extraradical structures were harvested under a low-power mi-
croscope at ×10–40 magnification using forceps.

Determination of root and fungal development

After 7 days of exposure or not to B[a]P, root and hyphal
lengths and the number of spores were measured in the second
compartment using a gridline-intersect technique (Newman
1966). The number of branched absorbing structures (BAS)
was counted under a low-power microscope at ×10–40 mag-
nification (Newman 1966). Roots and AMF structures
(extraradical hyphae and spores) were lyophilized over 48 h
and then weighed. Root biomass was calculated from five
Petri dishes (one Petri dish per replicate) and fungal biomass
(spores and extraradical hyphae) were calculated from 50 Petri
dishes (ten Petri dishes pooled per replicate).

Determination of arbuscular mycorrhizal colonization
rate

After exposure or not to B[a]P, roots collected from each rep-
licate were cleared in KOH (10%) and stained with Trypan
blue (Phillips and Hayman 1970) to determine mycorrhizal
root colonization rate (McGonigle et al. 1990). For each rep-
licate, three slides each containing 15 stained root fragments
(randomly selected) and three sections per root fragment were
observed under a microscope at ×50 magnification.

Detection of H2O2 accumulation

The detection of H2O2 was carried out using the DAB (3,3′-
diaminobenzidine) staining method (Fester and Hause 2005).
After exposure or not to B[a]P, roots and spores were collected
from each replicate and stained. For each replicate, 100 spores

and three slides each containing 15 stained root fragments
(randomly selected) and three sections per root fragment were
observed under a microscope at ×50 magnification. Every
section or spore showing detectable brown DAB staining
was regarded as synthesizing H2O2.

Preparation of crude cell-free extracts

For RNA extraction and dosage of enzyme activities, roots
and AMF structures were sampled, liquid nitrogen-frozen,
and stored at −80 °C until using. One hundred milligrams of
frozen tissues from roots (from 1 plate per replicate) and AMF
structures (from 30 pooled plates per replicate) were ground
for RNA extraction using the grinder Precellys 24 (Bertin
Technologies, Montigny-Le-Bretonneux, France). To assess
enzyme activities, 100 mg of frozen roots (from 1 plate per
replicate) and only 50 mg of frozen AMF structures (from 15
pooled plates per replicate) were ground similarly.

RNA extraction and real-time RT-PCR

Total RNA was extracted from ground AMF extraradical
structures (100 mg) and roots (200 mg) with the Qiagen
RNeasy® Plant Mini Kit (Qiagen, Courtaboeuf, France)
followed by DNase digestion (RNase-free DNase Set;
Qiagen) according to the manufacturer’s protocol. The RNA
integrity was assessed by visualization of ribosomal RNA
bands on 1.2% agarose gels, and total RNA was quantified
spectrophotometrically by measuring the absorbance at
260 nm (UVIKON 942 UV/visible, Kontron Instruments,
Milan, Italy). One microgram of total RNAwas reverse tran-
scribed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Villebon-sur-Yvette, France) ac-
cording to the manufacturer’s protocol. Expression of six
targeted genes of M. trunculata and four targeted genes from
R. irregulariswas tracked by quantitative Reverse-Transcripts
Polymerase Chain Reaction (qRT-PCR), including the 18S
ribosomal RNA genes (Mt18S and Gint18S) which were used
as the internal standard to normalize the starting template of
cDNA. This analysis was performed using the gene-specific
primers presented in Table 1. We measured the expression of
targeted genes MtPOX, MtAPOX, MtSOD, MtTFIIS,
MtTdp1α, GintGRX1, and GintPDX1, selected from previous
studies performed on the stress tolerance of M. trunculata or
R. irregularis (Puckette et al. 2008; Benabdellah et al. 2009a,
2009b; Balestrazzi et al. 2011). Primers of theMtGST,Mt18S,
GintGST, GintSOD, and Gint18S genes were designed by
using Primer 3.0 to amplify fragments from 55 to 60 °C Tm
of 100 bp in order to obtain an efficient amplification (Bustin
2000), and were tested for secondary structure using the
NetPrimer software. The GintGST sequence was obtained
from the R. irregularis Database (http://genome.jgi-psf.org/
Gloin1), whereas other sequences were obtained from the
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GenBank Database. The amplicon sequences obtained were
tested under NCBI Blast nucleotide to check their theoretical
specific character for the targeted gene and not to a gene
family. The amplification specificity of each qRT-PCR was
confirmed by the presence of a single peak in the melt curve
analysis, and no primer dimers were detected using agarose
electrophoresis. Reactions were performed with a 7300 Real-
Time PCR system (Applied Biosystems, Life Technologies,
Carlsbad, CA, USA) using the SYBR green master mix
(Applied Biosystems, Villebon-sur-Yvette, France) and the
following thermal profile: 15 s at 95 °C (denaturation), 30 s
at annealing temperatures (55 °C forM. trunculata and 60 °C
for R. irregularis), and 30 s at 72 °C (extension) for 40 cycles.
The efficiencies of the primer sets were estimated by
performing real-time PCR on several dilutions. The results
were normalized with the Mt18S and Gin18S genes and
expressed relative to the respective control, corresponding to
a fixed value of 1. The analyses were performed using the
relative expression software tool REST® (V.2.0.13, 2009,
QIAGEN GmbH) as described by Pfaffl et al. (2002). The
analyzed genes were considered to be significantly up- or
downregulated in the presence of B[a]P when changes of their
expressions were >2× or <0.5×, respectively, versus the
controls.

Determination of SOD, POX, and GST activities

Ground samples were suspended in 1 ml of phosphate buffer
(10 mM) and centrifuged 3 min at 10,000g. SOD, POX, and
GSTactivities were measured by colorimetric assay kits. POX
activity was determined according to the method of Mitchell
et al. (1994). SOD activity was measured using the SOD de-
termination kit (Sigma-Aldrich, Saint Louis, MO, USA). GST
activity dosages were performed as described by Riechers
et al. (1996) with slight modifications according to El
Chartouni et al. (2012). Protein concentrations were deter-
mined using the Total Protein Kit, Micro Lowry, Peterson’s
Modification (Sigma-Aldrich, Saint Louis, Missouri, USA).

Determination of B[a]P accumulation

Washed roots were lyophilized, dry weight was determined,
and the B[a]P accumulated in the dried roots (200 mg) was
extracted by soxhlet (120 ml dichloromethane during 16 h at
70 °C, 1 recycling per hour). B[a]P quantification was per-
formed by GCMS (QP2010, Shimadzu, Marne la Vallée,
France). Samples were injected at 250 °C by a split injector
with a ratio of 80. The separation was performed with a
Zebron Phenomenex column (50% phenyl and 50%
dimethylpolysiloxane, length 10 m, diameter 0.10 mm, width
of film 0.1 μm). Samples were run on a programmed temper-
ature profile: initial temperature of 70 °C for 15 s, 60 °C/min
until 150 °C, 30 °C/min until 310 °C, and 3min at 310 °C. The

detection was realized by mass spectrometry by electronic
impact (70 eV, 280 °C). B[a]P was quantified using B[a]P
(Sigma-Aldrich, St. Louis, USA) as standard with a retention
time of 6.24 min.

Statistical analysis

Means were calculated from five replicates except relative
quantification of gene expression calculated from four repli-
cates. Except for length and dry weight of M. truncatula
roots, H2O2 accumulation, SOD, POX, and GST activities
in roots, for which two-way ANOVAs were conducted to
compare mycorrhizal status and B[a]P addition using SPSS
17.01 (IBM, Inc., Chicago, USA), all other data were sub-
jected to the Mann-Whitney U test (P < 0.05) using
Statgraphics release 5.1 (Manugistic, Inc., Rockville, MD,
USA). Relative quantification of gene expression and its sta-
tistical analysis were performed using the REST software
using the Pair Wise Fixed Reallocation Randomisation test
(Pfaffl et al. 2002).

Results

B[a]P impacts on M. truncatula root growth and AMF
development

The effect of B[a]P on root development was evaluated by
measuring root length and dry weight after 1 week of exposure
to B[a]P (Table 2). Although B[a]P reduced root lengths by
about 15% both inmycorrhizal and non-mycorrhizal roots, the
inoculation increased significantly root length whether or not
in the presence of B[a]P. The dry weights obtained in the
absence of B[a]P averaged almost 70 mg/Petri dish both in
mycorrhizal and non-mycorrhizal roots. B[a]P exposure had
no-detectable effect on dry weight of mycorrhizal and non-
mycorrhizal roots.

B[a]P toxicity on R. irregularis was determined by
measuring mycorrhizal rate, sporulation, extraradical hy-
phae development, BAS formation, and biomass
(Table 3). After 1 week of exposure, microscopic obser-
vations of stained roots showed intraradical hyphae in
roots grown on both B[a]P-supplemented and non-
supplemented media. Nevertheless, root colonization
was reduced by 21% in the presence of B[a]P. The
spore production, the extraradical hyphae development,
and BAS formation were significantly lower in the pres-
ence of B[a]P. The relative decreases were about 16, 18,
and 26% for spores, hyphae, and BAS, respectively. No
significant difference was observed in the AMF dry
weight between control and polluted medium.
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Hydrogen peroxide accumulation in roots
and in the extraradical AMF

The H2O2 accumulation in mycorrhizal and non-mycorrhizal
roots as well as in AMF extraradical structures in the presence
or not of B[a]P was evaluated. In the absence of B[a]P, the
proportions of stained roots were about 14 and 10% in non-
mycorrhizal and mycorrhizal roots, respectively (Table 2).
Whereas the presence of B[a]P induced an increase of H2O2

accumulation by 49% in non-mycorrhizal roots, no change in
H2O2 accumulation was detected in mycorrhizal roots.
Concerning the AMF, while 7% of spores accumulated
H2O2 in the absence of B[a]P, 52% accumulated this ROS in
the presence of B[a]P (Fig. 1).

B[a]P disturbs M. truncatula root and R. irregularis gene
expression

Gene expression in non-mycorrhizal and mycorrhizal
roots was studied after 7 days of exposure to B[a]P
(Fig. 2). Genes involved in antioxidant system, MtSOD,
MtPOX, and MtAPX, were found to be upregulated by 14-,
11-, and 3-fold, respectively, in non-mycorrhizal roots

exposed to B[a]P in comparison with the non-polluted
control. In contrast, the expressions of these three genes
were decreased in mycorrhizal roots exposed to B[a]P in
comparison also with the non-polluted control. In the pres-
ence of B[a]P, the levels of MtSOD, MtPOX, and MtAPX
gene expressions were 8, 33, and 4 times (relative expres-
sion of 0.13, 0.03, and 0.23) less important in mycorrhizal
roots than in non-mycorrhizal roots, respectively. For the
MtGST gene, the transcript analysis suggested an upregu-
lation (18-fold) in the non-mycorrhizal roots exposed to
B[a]P and a downregulation (17-fold, relative expression
of 0.06) in the mycorrhizal roots exposed to B[a]P. A sim-
ilar pattern was observed for DNA repair genes, with an
accumulation of the transcripts in non-mycorrhizal roots
exposed to B[a]P (between 3- and 5-fold) and a decrease
in mycorrhizal roots exposed to B[a]P (between 33- and
50-fold, relative expressions of 0.03 and 0.02) in compar-
ison to the non-polluted controls.

In contrast, no differences were observed for all gene
expressions tested (GintSOD, GintGRX1, GintPDX1, and
GintGST) in AMF extraradical structures after 7 days of
exposure to B[a]P in comparison with the control
(Fig. 3).

Table 2 Length and dry weight ofM. truncatula roots, H2O2 accumulation, activities of antioxidant (SOD, POD), and detoxification (GST) enzymes
of/into non-mycorrhizal (NM) and mycorrhizal roots (M) in the absence (control) or in the presence of benzo[a]pyrene (polluted)

Root length/
Petri dish (m)

Dry weight/
Petri dish (mg)

H2O2

accumulation (%)
SOD activity
(U/μg of proteins)

POX activity
(nanokat/mg of proteins)

GST activity
(nanokat/mg of proteins)

Control NM 7.1 ± 0.6 68.7 ± 1.0 14 ± 1 7626 ± 2304 339 ± 62 7.9 ± 3.3

M 7.5 ± 0.5 69.6 ± 4.0 10 ± 2 8583 ± 648 540 ± 51 17.1 ± 5.2

Polluted NM 6.0 ± 0.3 66.8 ± 1.2 63 ± 2 13,975 ± 6482 469 ± 53 12.7 ± 1.4

M 6.4 ± 0.3 68.3 ± 0.6 10 ± 2 6988 ± 1144 325 ± 64 6.1 ± 3.4

Significancea of

Inoculation (A) ** NS *** * * *

Pollution (B) *** NS *** * * *

A × B NS NS *** * * *

NS not significant

***p < 0.001; ** p < 0.01; * p < 0.05
a By analysis of variance

Table 3 Mycorrhizal colonization, spore number, hyphae length, BAS
number, and dry weight of R. irregularis in a medium without pollutant
(control) or with benzo[a]pyrene (polluted). Data are presented as

means ± S.D. Different letters indicate significant differences between
polluted and control conditions according to the Mann-Whitney U test
(P < 0.05)

Treatment Total mycorrhizal
colonization (%)

Spore number/
Petri dish

Extraradical
hyphae length/Petri dish (m)

BAS number
/cm2

Dry weight
(mg/replicate)

Control 48.0 ± 2.5a 2132 ± 144.2a 6.7 ± 0.7a 693 ± 35.5a 14.8 ± 2.6a

Polluted 37.8 ± 3.5b 1796 ± 39.8b 5.5 ± 0.5b 514 ± 30.0b 13.8 ± 1.3a
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B[a]P impacts M. truncatula and R. irregularis enzyme
activities

As shown in Table 2, mycorrhizal inoculation and pol-
lution affect individually SOD, POX, and GST activi-
ties. Moreover, the interaction between inoculation and
pollution showed also significant impact on these three
enzyme activities. Whereas inoculation was found to

reduce SOD, POD, and GST activities in polluted con-
ditions by 2, 1.4, and 2 folds respectively, they were
increased by 1.1, 1.6, and 2 folds in the control (non-
polluted condition).

In the AMF extraradical mycelium exposed to B[a]P,
SOD, POX, and GST activities were induced by 1.6-,
2.5-, and 1.2-fold, respectively, by comparison with the
control (Table 4).

(b)

(a)

25 m

(c)

25 m

Fig. 1 Accumulation of H2O2

into R. irregularis spores.
Production of H2O2 was
visualized by microscopy (×50
magnification) using the DAB
staining. Spore without H2O2 (a),
spore accumulating H2O2 (b),
percentage of spores containing
H2O2 in the absence (control) or
in the presence of benzo[a]pyrene
(polluted) (c). Data are presented
as means ± SD. Bars topped by
different letters indicate signifi-
cant differences between spores
produced in the control and in the
polluted medium according to the
Mann-Whitney U test (P < 0.05)
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B[a]P bioaccumulation in roots

B[a]P accumulation was evaluated in mycorrhizal and non-
mycorrhizal roots (Fig. 4). It was 2.6-fold higher in non-
mycorrhizal roots by comparison with mycorrhizal ones.

Discussion

Arbuscular mycorrhizal fungi are able to improve plant estab-
lishment and growth in extreme environments such as pollut-
ed soils, but little is known about the genes involved in plant
protection by mycorrhization against pollutant toxicity, in par-
ticular the presence of B[a]P, a high molecular weight PAH
frequently detected in contaminated soils.

First, the responses of non-mycorrhizal roots to B[a]P ex-
posure were investigated. Our findings showed that the ex-
pression of the genesMtSOD,MtPOX, andMtAPX, encoding
antioxidant enzymes, were induced after B[a]P exposure.
These results are in accordance with the literature where it
was reported that expression of several M. truncatula antiox-
idant genes encoding SOD, POX, APX, catalases, and gluta-
thione reductases were upregulated in the presence of different
abiotic stresses (Aloui et al. 2009; Marino et al. 2013; Rahoui
et al. 2014). Although, it is well known that these antioxidant
enzymes play a crucial role in ROS elimination and therefore
in plant protection against pollutants like PAH (Liu et al. 2009;
Martí et al. 2009; DongXue et al. 2011; Song et al. 2011) or
metal trace elements (López-Millán et al. 2005; Marino et al.
2013), this is the first time that a correlation between the up-
regulation of the antioxidantMtSOD,MtPOX gene expression

0.0
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15

20

25

lortnoc/noisserpxe
evitaleR

MtPOX MtAPX MtTFIIS MtTdp1

ANTIOXIDANT

MtGST

DETOXIFICATION DNA REPAIR

MtSOD

Fig. 2 Effect of benzo[a]pyrene
on the relative expression (fold
change) of genes involving in
antioxidant system (MtSOD,
MtPOX, and MtAPX),
detoxification (MtGST) and DNA
repair (MtTFIIS and MtTdp1α)
determined by qRT-PCR in non-
mycorrhizal (white bar) and my-
corrhizal roots (grey bar). Gene
expression was considered as
significantly up- or downregulat-
ed related to the 1× controls
(dashed line), when changes in
relative expression were >2× or
<0.5×, respectively

Fig. 3 Effect of benzo[a]pyrene
on the relative expression (fold
change) of genes involving in
antioxidant system (GintSOD,
GintGRX1, and GintPDX1) and
detoxification (GintGST)
determined by qRT-PCR in
extraradical structures of
R. irregularis. Gene expression
was considered as significantly
upregulated related to the 1×
controls (non-exposed roots),
when changes in relative expres-
sion were >2×
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and the induction of SOD and POX activities correlated with
H2O2 production in non-mycorrhizal roots after B[a]P expo-
sure has been shown.

Furthermore, our results also showed that expression of two
DNA repair genes (MtTFIIS andMtTdp1α) was upregulated in
non-mycorrhizal roots under B[a]P exposure in comparison
with the non-polluted condition. These upregulations suggest
that B[a]P provoked DNA alteration in non-mycorrhizal roots.
Indeed, a previous study highlighted the formation of 8-
hydroxy-2-deoxyguanosine DNA adduct, a biomarker of oxida-
tive DNA damage, in non-mycorrhizal chicory roots exposed to
B[a]P pollution (Debiane et al. 2009). Our results, also corrob-
orate previous data that demonstrated a good correlation be-
tween high levels of DNA oxidative damage and MtTFIIS and
MtTdp1α upregulation in response to copper and osmotic stress
in M. truncatula (Macovei et al. 2010; Macovei et al. 2011;
Balestrazzi et al. 2011).

In addition, to implement protection mechanisms, plants
can perform pollutant detoxification using enzymes such as
GST. In fact, in the present study, concomitant increases in
GST gene expression and in GST enzymatic activity were
observed in non-mycorrhizal roots cultivated in the presence
of B[a]P. Glutathione-S-transferases are heterogenous group
of cell detoxifying enzymes, which catalyze the conjugation
of tripeptide glutathione (GSH) to electrophilic sites on a wide
range of phytotoxic substrates (Kampranis et al. 2000).

Second, H2O2 accumulation was shown in the AMF my-
celium after B[a]P exposure. Although no changes in expres-
sion of the genes that we examined (GintSOD, GintGRX1,
GintPDX1, and GintGST) were found, increases of the anti-
oxidant enzyme activities SOD and POX were observed in
R. irregularis grown in the presence of B[a]P. This result
suggests that the AMF enhances its ROS scavenging enzy-
matic systems under stressful conditions. In addition, our re-
sults showed an increase of GST activity, involved in xenobi-
otic detoxification in the AMF during B[a]P exposure.
Although the ability of GST to detoxify xenobiotics has been
reported in several saprotrophic (McGoldrick et al. 2005;
Morel et al. 2009) and pathogenic fungi (Prins 2001), it has
not been described previously in AMF.

Finally, the responses to B[a]P exposure were investigated
in the symbiosis M. truncatula root/R. irregularis. Unlike
non-mycorrhizal roots, concomitant downregulation of genes
encoding antioxidant enzymes (MtSOD,MtPOX, andMtAPX)
and decreases of antioxidant enzyme activities (SOD and
POX) were observed in mycorrhizal roots cultivated in the
presence of B[a]P. These results are in agreement with those
of Aloui et al. (2009) which revealed decreases of SOD tran-
scripts and SOD proteins in M. truncatula mycorrhizal roots
in the presence of cadmium. A similar behavior was described
to in mycorrhizal tomato roots after metal trace element expo-
sure. Whereas downregulation of two genes, Lemt2 and

Fig. 4 Accumulation of
benzo[a]pyrene into mycorrhizal
and non-mycorrhizal roots. Data
are presented as means ± SD.
Bars topped by different letters
indicate significant differences
between mycorrhizal and non-
mycorrhizal roots according to
the Mann-Whitney U test
(P < 0.05)

Table 4 Activities of antioxidant (SOD, POD) and detoxification
(GST) enzymes in R. irregularis extraradical structures grown in the
absence (control) or in the presence of benzo[a]pyrene (polluted). Data

are presented as means ± SD. Different letters indicate significant differ-
ences between control and polluted conditions according to the Mann-
Whitney U test (P < 0.05)

SOD activity (U/μg of proteins) POX activity (nanokat/mg of proteins) GST activity (nanokat/mg of proteins)

Control 1742 ± 365a 0.04 ± 0.03a 0.6 ± 0.2a

Polluted 2850 ± 273b 0.10 ± 0.01b 0.7 ± 0.2b
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LeNrmp1, encoding metallothionein and metal trace element
transporter, respectively, was observed in mycorrhizal roots,
upregulation was observed in non-mycorrhizal roots (Ouziad
et al. 2005). Moreover, our data also show, concomitant GST
gene downregulation together with decreased GST enzymatic
activity in mycorrhizal roots. In addition, B[a]P led to the
downregulation of the two DNA repair genes (MtTFIIS and
MtTdp1α) in mycorrhizal roots. These data support the study
of Debiane et al. (2009) which reported less DNA damage in
mycorrhizal chicory roots in comparison to non-mycorrhizal
roots under B[a]P exposure.

All of these results suggest that mycorrhizal roots will be
less sensitive to B[a]P toxicity than will non-colonized roots.
According to all of our results, it seems that the upregulation
of the genes MtSOD, MtPOX, MtAPX, MtGST, MtTFIIS,
MtTdp1α, and GintPDX1 and the increase of activities of
the enzymes SOD, POX, and GST detected under B[a]P pol-
lution in both of the symbiosis partners, the non-mycorrhizal
roots and the AMF, could be defense reactions against the
oxidative stress induced by the PAH. In contrast, the down-
regulation of the genes MtSOD, MtPOX, MtAPX, MtGST,
MtTFIIS, and MtTdp1α and the decrease of activities of
SOD, POX, and GST observed in mycorrhizal roots in the
presence of B[a]P could be a consequence of a protective
effect against the pollutant toxicity provided by the AMF to
the plant. In fact, our results showed that B[a]P exposure in-
creased H2O2 production in non-mycorrhizal roots and in the
AMF mycelium but not in mycorrhizal roots. These observa-
tions are in accordance with studies reporting that pollutants
such as metal trace elements induced ROS accumulation by
Medicago cells (Rahoui et al. 2014) and by the AMF
(Benabdellah et al. 2009b). Our data suggest an alleviation
of oxidative stress in the presence of the AMF. This assump-
tion corroborates previous results that revealed a lower
malondialdehyde (a lipid peroxidation biomarker) and 8-hy-
droxy-2′-deoxyguanosine (a DNA damage biomarker) con-
tent in mycorrhizal chicory roots under B[a]P exposure
(Debiane et al. 2009).

It can be hypothesized that the fungus brought a protective
effect to the mycorrhizal plant by accumulating the pollutant,
making it less available to the plant. Indeed, our results
showed a lower bioaccumulation of B[a]P in mycorrhizal
roots than in non-mycorrhizal roots, suggesting that the
extraradical structures could reduce the pollutant availability
to the plant. AMF develop an extended mycelial network,
which is several orders of magnitude longer than plant roots
(Khan et al. 2000). Such a lower concentration of pollutant in
mycorrhizal than in non-colonized roots also was observed in
the presence of different PAH (Verdin et al. 2006; Zhou et al.
2013) and in the presence of metal trace elements (Li and
Christie 2001; Vivas et al. 2006; Rahmaty and Khara 2011;
Abdel Latef 2011). This phenomenon is probably a conse-
quence of the ability of AMF to store PAH in their hyphal

lipid bodies as described by Verdin et al. (2006). Thus, colo-
nization of roots might have lowered the concentration of
B[a]P in plant cells below the level needed to induce gene
expression and enzymatic activities involved in PAH tolerance
and detoxification.

We cannot exclude, however, that the AMF directly
affects the host plant metabolism. Our findings showed
that, in the absence of B[a]P, some tolerance and detoxifi-
cation enzyme activities are induced by mycorrhization
possibly leading to plant protection. Regulation of plant
gene expression by AMF has been described, in particular,
during the establishment of the symbiosis. Indeed, it is
known that during root colonization, AMF penetration is
accompanied by a transient increase in SOD and POX
enzyme activities suggesting the existence of feedback
defense mechanisms in plants (García-Garrido and
Ocampo 2002; Güimil et al. 2005; Zamioudis and
Pieterse 2012). A protein Beffector^ SP7 secreted by
R. irregularis and emitted into the plant cell by the AMF
interacts with the transcription factor ERF19 to modulate
the plant defense reactions (Kloppholz et al. 2011). It can
be expected that a similar regulation mechanism could be
involved in the mycorrhizal roots exposed to B[a]P,
resulting in the downregulation observed for some genes
studied in the present work. Moreover, it is likely that
other genes, not investigated in the present study, are ac-
tivated by the AMF to fight against oxidative stress in-
duced by the presence of B[a]P. In addition, as the fungal
gene expression was carried out on extraradical AMF
structures in the present study, it would be interesting to
investigate the fungal response to the pollutant in its
intraradical structures by using micro-dissection.

In conclusion, our findings demonstrated a beneficial con-
tribution of the AMF R. irregularis inoculation in the protec-
tion ofM. truncatula roots against B[a]P toxicity. Mycorrhizal
inoculation decreased B[a]P bioaccumulation in roots and
thereby alleviated oxidative stress. Being less affected by pol-
lutant toxicity than non-colonized roots, mycorrhizal roots did
not activate any defense mechanism either at the gene expres-
sion regulation level or at the enzymatic level. This work
further emphasizes the utility of in vitro cultures to investigate
the mechanisms behind the impact of pollutants on the plant-
beneficial soil microorganisms such AMF.
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