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Abstract
The current work aims to investigate the influence of fertilization (fertilizer) and fungal inoculation (Funneliformis
mosseae and Serendipita indica (formerly Piriformospora indica)), respectively arbuscular mycorrhizal (AMF)
and endophytic fungi) on the phytoextraction potential of Arabidopsis halleri (L.) O’Kane & Al-Shehbaz (biomass
yield and/or aboveground part Zn and Cd concentrations) over one life plant cycle. The mycorrhizal rates of A.
halleri were measured in situ while the fungal inoculation experiments were carried out under controlled
conditions. For the first time, it is demonstrated that the fertilizer used on A. halleri increased its biomass not only
at the rosette stage but also at the flowering and fruiting stages. Fertilizer reduced the Zn concentration variability
between developmental stages and increased the Cd concentration at fruiting stage. A. halleri roots did not show
AMF colonization at any stage in our field conditions, neither in the absence nor in the presence of fertilizer, thus
suggesting that A. halleri is not naturally mycorrhizal. Induced mycorrhization agreed with this result. However,
S. indicahas been shown to successfully colonize A. halleri roots under controlled conditions. This study confirms
the benefit of using fertilizer to increase the phytoextraction potential of A. halleri. Overall, these results contribute
to the future applicability of A. halleri in a phytomanagement strategy by giving information on its cultural
itinerary.
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1

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Availability of data and materials Not applicable.

Competing interests The authors declare that they have no competing interests.

Funding information This work was supported by national funds through PHYTOAGGLO and EXTRA-Zn
projects (ADEME - Agence de la transition écologique, conventions n° 1072C0045, 2013-2017 and 1972C0007,
2019-2022). This work has also been carried out in the framework of the Alibiotech project which is financed by
the European Union, the French State and the French Region of Hauts-de-France. A. Grignet received grants from
ADEME (n° TEZ17-21) and the Hauts-de-France Region.

Authors’ contributions This collaboration work was carried out among all the authors. AG performed all the
experiments reported in the manuscript, designed outlines, wrote the draft, performed the statistical analyses and
prepared the figures and tables of the manuscript. VB and AL discussed the original idea of the manuscript with
AG. VB wrote some part of the manuscript, reviewed the scientific contents of the manuscript and was responsible
for the funding acquisition (PHYTOAGGLO, EXTRA-Zn and AG grant). AL and JF reviewed the manuscript.
AG was assisted by ST for the experimental work and analyses. AP was responsible for the validation of the TE
analyses. All authors read and approved the final submitted version of the manuscript.

Acknowledgments The authors would like to thank the Creil conurbation, and particularly L Raphael Pardon
(ACSO – Agglomération Creil Sud Oise) and JL Deremy (Mairie de Montataire), for providing access to the field
site and technical support during the entire duration of the project. The authors are also grateful to Fabrice Richez
for his technical contribution during the sampling campaigns and chemical analyses. We also thank the Solten
company (https://solten.co.uk/en/) for improving the quality of the English text. We thank the anonymous
reviewers for their comments, which greatly helped us to improve the manuscript.

2

Introduction
Phytoextraction is an environmentally friendly green technology in comparison to the physical and chemical
remediation techniques used to clean-up contaminated soils (Hooper et al. 2016). This phytotechnology uses the
capacity of hyper(accumulator) plants to extract trace elements (TE) from polluted soils (Krämer 2005; McGrath
et al. 2006; Hooper et al. 2016). Contrary to conventional (physicochemical) techniques, it has the advantage of
being applicable in situ on a large surface and of preserving the structure and microbial properties of the soil (Bert
et al. 2017). However, field trials or commercial operations using phytoextraction are not widelyimplemented
(Robinson et al. 2006; Jacobs et al. 2017; Grignet et al. 2020; Sterckeman and Puschenreiter, 2021). Currently,
only the Ni hyperaccumulator Alyssum sp. L. has been developed into a commercial technology (Chaney et al.
2018). Recently, it has been shown that phytoextraction can enable the production of wood for the energy sector
and of new raw material formed from aboveground biomass rich in TE (Delplanque et al. 2013; Deyris et al. 2018).
It has also been demonstrated that some TE, including Zn, accumulated in the foliar biomass of hyperaccumulators
can be used in ecocatalysis for industrial chemistry (Grison 2015; Deyris et al. 2018).
Several strategies, including agronomic practices, could be tested to increase the biomass production and/or TE
accumulation of these plant species and thus their extraction capacity. The most common method used to boost
plant growth and obtain higher biomass is fertilization by different chemical or biological amendments. The
benefits of adding fertilizer have been demonstrated in several studies that report an improvement in biomass
and/or TE accumulation in Brassicaceae (Bennett et al. 1998; Xie et al. 2009; Jacobs et al. 2018; Grignet et al.
2020). For example, Jacobs et al. (2018) showed that using fertilizer increases the biomass of Noccaea
caerulescens (J.Presl & C.Presl) F.K.Mey by more than 50%. Mycorrhizal fungi have long been thought to usefully
improve plant growth and tolerance to TE, biomass yield and/or TE shoot accumulation (Bi et al. 2003; Hui et al.
2015; Toler et al. 2005; Marques et al. 2007; Lebeau et al. 2008, Phanthavongsa et al. 2017; Wani and
Gopalakrishnan 2019). However, most of these experiments were carried out in pots under controlled conditions
rather than in the field (Colpaert et al. 2011). Plant species belonging to the Brassicaceae family are known to be
non-mycorrhizal by arbuscular mycorrhizal fungi (AMF) (Harley and Harley 1987; Demars and Boerner 1996).
However, some studies have shown that N. caerulescens, Noccaea goesingense (Halacsy) F.K.Mey., Noccaea
caerulescens subsp. calaminaris (Lej.) Holub (formely T. calaminare) and Noccaea cepaeifolium (Wulfen) Rchb.
can be colonized by AMF at some stages of their development (Regvar et al. 2003; Hildebrandt et al. 2007).
Furthermore, several studies have shown the beneficial effect of the endophytic fungus, Serentipita (formely
Piriformospora) indica, on plant growth under Cd stress (Padash et al. 2016; Hui et al. 2015; Nanda and Agrawal
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2018) and its ability to colonize Brassicaceae species such as Arabidopsis thaliana (L.) Heynh. (Thürich et al.
2018; Abdelaziz et al. 2017, Veiga et al. 2013), suggesting its potential relevance in phytomanagement studies. To
our best knowledge, the use of biological amendment such as mycorrhizal amendment has never been studied in
the Brassicaceae family.
Arabidopsis halleri, of the Brassicaceae family (formerly Cardaminopsis halleri (L.) Hayek), is well-known as a
Zn and Cd hyperaccumulator (Bert et al. 2000, 2002, 2003; Verbruggen et al. 2009b, 2013). Indeed, in field
condition, A. halleri was shown to accumulate more than the hyperaccumulation current thresholds of 3000 and
100 mg kg-1 Zn and Cd dry weight (van der Ent et al. 2013), respectively, in its aboveground parts (Grignet et al.
2020; Damani-Muller et al. 2000). Despite this property, very few field studies have reported the performance of
this plant in phytoextraction (Baker et al 1994; McGrath et al. 2006; Tlustos et al 2016; Grignet et al. 2020). For
the first time at field scale, Grignet et al. (2020) demonstrated the beneficial effect of the fertilizer on the Zn and
Cd concentrations in A. halleri and on its biomass yield at the rosette stage. The yield result was far higher than
the one reported for A. halleri (McGrath et al. 2006) and comparable to the one reported for N. caerulescens
(Jacobs et al. 2018), both being obtained in the field. To the best of our knowledge, the effect of fertilizer on A.
halleri biomass over its entire life cycle has never been reported. Moreover, no data are available on the ability of
mycorrhizal or endophytic fungi to colonize A. halleri.
Some studies have shown that the co-cultivation of several accumulator species can also improve biomass yields
(Wu et al. 2007; Wei et al. 2011). In field conditions, Grignet et al. (2020) demonstrated the synergetic effect of
A. halleri and the accumulator Salix viminalis on Zn and Cd phytoextraction, the co-culture increasing the Zn and
Cd extraction in comparison to a monoculture.
Thus, focusing on agronomic practices, the present study was conducted in both controlled and field conditions on
TE-contaminated soil with the aim of (i) optimizing phytoextraction performances of the hyperaccumulator A.
halleri by improving biomass production and/or aboveground parts Cd/Zn concentration, and (ii) determining the
optimum stage of plant development to maximize Zn concentration for ecocatalysis. To meet these objectives, we
investigated two different approaches: the use of a fertilizer on one hand and the use of a biological amendment
such as a mycorrhizal one on the other hand. In the TE-contaminated site, the Zn and Cd concentrations in the
plant at different stages of its life cycle (rosette, flowering and fruiting) and its biomass in the presence or absence
of fertilizer were measured. In addition, we have explored in the field, over an entire life cycle, the natural
mycorrhizal status of A. halleri and, in parallel, we tried to induce the mycorrhization of A. halleri in controlled
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conditions with commercial AMF and endophytic fungi. To confirm that A. halleri could be mycorrhized in our
field conditions, the mycorrhizal rate of some endogenous plant colonizers was assessed.

Materials and Methods
In situ experiment
Site description and experimental design
The field trial was conducted in the urban area of Montataire (Oise, France, 49°15’12’’N, 2°26’48’’E). Details of
the overall physicochemical characteristics of the site have been provided previously (Grignet et al. 2020). Briefly,
the topsoil was contaminated mostly by Zn (total concentration : 616 ± 248 mg kg-1) and Cd (total concentration :
1.7 ± 0.2 mg kg-1) and presented an alkaline pH (> 8). The average concentration of 0.01M-Ca(NO3)2 extractable
soil Zn and Cd concentrations on the studied plots (P14-15 with fertilizer; P16-P17 without fertilizer, Fig. 1) were
not significantly different (for Zn 0.62 ± 0.2 vs 0.64 ± 0.1 mg kg -1 and for Cd 0.002 ± 0.0007 vs 0.002 ± 0.0005
mg kg-1 in P14-P15 and P16-P17 respectively, p > 0.05) which showed homogeneity for these parameters on these
plots. Total nitrogen and extractable phosphorus (French Joret-Hébert method) concentrations were respectively
about 2.08 ± 0.28 and 0.80 ± 0.1 g.kg -1.
The experimental design consisted of several 1m² plots of A. halleri set up between the rows of a willow plantation
installed in 2013 (650 m²). The study on A. halleri was carried out on four plots of 1m², set up in June 2018 (P14,
P15, P16 and P17) (Fig. 1). In these plots, A. halleri seedlings were transplanted at a density of 50 plants per m²
after 2 months of growth on organic compost (Terreau potager bio, Gamm vert) in a culture chamber (20°C, 70%
moisture, 12 h day cycles). The A. halleri seeds came from a metallicolous population (Parc Péru, Auby, Nord,
France). Before transplantation, 100 g per m² of nitrogen NPK fertilizer (Biogine® NPK 4-6-10) was incorporated
into the top-soil (10 cm depth) on the plots P14 and P15.
In situ experiment: plant and soil samplings and analyses
On the A. halleri plots (Fig. 1), 500g of contaminated soil was collected (March 2018) randomly to determine the
number of AMF spores. The AMF spores were isolated by wet sieving (Gerdeman and Nicolson 1963). Fresh soil
(100g) was deposited in a series of sieves with decreasing meshes (250, 125, 40 µm) under a trickle of water. The
particles from each sieve were collected, placed in a beaker and then observed with a binocular magnifying glass.
Spores from each fraction were counted and collected for preservation.
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The aboveground parts and roots were sampled in February, March and June 2019 to allow collection at various
developmental stages (rosette, flowering and fruiting) on the four plots (Fig. 1). Three individuals were randomly
sampled at each stage in each plot, leading to a total of 36 individuals collected from the field trial. The sampling
was performed at the beginning of each stage for the flowering and fruiting stages. Leaves and reproductive organs
were not separated. The aboveground materials were carefully washed with tap and deionized water and then dried
at 40° C until they reached a constant weight. The Zn and Cd in the plant samples (0.5 g dry weight) were quantified
by ICP-OES (Agilent 5110) after digestion at 180 °C for 20min in 10 ml of nitric acid (67% AnalaR Normapur)
and 3 ml of ultra-pure water using a microwave digester (Mars Xpress CEM). A standard reference material was
used for analytical quality control (cabbage “NCSZC 73012”, NACIS). On the same A. halleri plants, fresh roots
were stored at 4°C to quantify the AMF root colonization.
The roots of three dominant colonizer plants (Mercurialis annua L., Lamium purpureum L., Potentilla reptans L.)
were collected at the same time as the A. halleri roots in March 2019 to check their natural mycorrhizal status (Fig.
1).
Determining fungal root colonization of A. halleri, and colonizer plants
To quantify the AMF root colonization, fresh roots of A. halleri and colonizer plants (defined as plants developed
from the seed bank of the soil or brought through wind or animals and present on the site at the time of the A.
halleri collection) were collected in situ from the contaminated soil, at each developmental stage and in March
2019, respectively. All the root material was then carefully washed with demineralized water and cleared in KOH
(10%) for 10 min at 90 °C. The roots were rinsed in water and stained with trypan blue (0.05%), as described by
Philips and Hayman (1970) and modified by Koske and Gemma (1989). The stained root fragments were stored
in a water/glycerol/lactic acid (1:1:1, v/v/v) solution until observation. The mycorrhizal rate was determined by
microscopic examination of the stained root samples, using McGonigle et al. (1990) method. Three microscope
blades containing 45 root fragments of 1cm, i.e. 135 root fragments in total sampled per plant, were observed
under an optical microscope (× 100 magnification) in order to count the mycorrhizal structures (arbuscules,
vesicles and hyphae). Three grid-line intersections per root fragment, i.e. the middle and the ends of the fragments,
were examined (135 root fragments * 3 intersections = 405 observations for each plant).

Pot experiments
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Biological amendments
The commercial mycorrhizal inoculums used in the present study were the AMF inoculum FR140®
(Funneliformis mosseae, MycAgro Ltd., France) and the ectomycorrhizal inoculum Ectovit® (Symbiom,
Lanskroun, Czech Republic) containing the mycelium of four ECM (Cenococcum geophilum, Hebeloma velutipes,
Laccaria proxima and Paxillus involutus). The endophytic fungus Serentipita indica (strain DSM 11827) was
kindly provided by Professor P. Franken from the University of Lausanne. The S. indica was cultivated in liquid
culture Kaefer Medium (Hill and Käfer 2001) and incubated for ten days at 28 °C at 150 rpm in a rotary shaker.
After 10 days, the liquid S. indica culture was harvested by centrifugation and the mycelium was washed three
times with sterilized water. One gram of fresh mycelium was added to 100 ml of sterilized water and fragmented
by blending for one minute to obtain the inoculum.
Pot experimental set up to induce mycorrhizal inoculation of A. halleri
The A. halleri was cultivated on composite substrate (sand, perlite, vermiculite 2:2:1, v/v/v) either alone in pots
(1L) with 100g of AMF inoculum (FR140®) or together with a host species (Trifolium repens L., known to be
well mycorrhized with AMF, was used to pre-establish the arbuscular mycorrhizal network) in 1.5L pots. These
latter were divided into two equal compartments by a 30 µm nylon mesh to separate roots while allowing the
passage of AMF hyphae (Fig 2). The nylon mesh was used to reduce the effects of direct root competition. Each
half received 0.75 L of soil. The host plant T. repens seedlings were transplanted in half of the pot with 75g of
AMF inoculum (FR140®) and the A. halleri seedlings were transplanted in the other half.
A. halleri was also cultivated in pots (1L) where 2 ml of mycelium of S. indica suspension was directly injected to
the root rhizosphere, 2 weeks after seed germination.
The plants (5 replicates per condition) were irrigated three times a week with tap water and maintained in a growth
chamber (20°C, 70% moisture, 12 h day cycles) for 8 weeks.
S. indica metal tolerance tests
The sensitivity of S. indica to Cd and Zn was evaluated by investigating the minimum inhibitory concentration
(MIC) on fungal growth. MIC is defined as the minimum inhibitory concentration of metals required to completely
inhibit fungal growth. The plugs (5 mm) were cut from the edge of actively growing two-week-old colonies and
placed on solid Kaefer Medium (Hill and Käfer 2001) amended with metals at the following concentrations: 0, 2,
4, 6 and 8 mM for ZnCl2 and 0, 10 and 50 µM for CdCl2. The concentrations tested were selected based on previous
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studies (Berthelot et al. 2016; Lacercat-Didier et al. 2016). Radial growth was measured after two weeks of
incubation at 24°C.
Determining fungal root colonization of A. halleri,
Roots of A. halleri were collected from the pots (5 pots for A. halleri) after 8 weeks of growth). All the root material
was prepared as previously described in the In situ experiment section Three microscope blades containing 45 root
fragments of 1cm, i.e. 135 root fragments in total sampled per pot, were observed under an optical microscope (×
100 magnification) in order to count the mycorrhizal structures (arbuscules, vesicles and hyphae). Three grid-line
intersections per root fragment, i.e. the middle and the ends of the fragments, were examined (135 root fragments
* 3 intersections = 405 observations for each pot).
The endophytic fungi (S. indica) was quantified using the A. halleri root sample measurements resulting from the
induced inoculation experiment previously described. The same staining protocol as that used for the AMF
observation was applied. The mycorrhizal rate was determined by microscopic examination. A. halleri root
fragments of 1 cm in length were extracted from each pot and observed under an optical microscope (× 100
magnification) in order to count the chlamydospores (Johnson et al. 2011).
Statistical analyses
All data were pre-analysed by normality tests (Shapiro-Wilk test) and homogeneity of variances (test F). The A.
halleri metal concentrations and dry weight were statistically analysed with the Kruskal-Wallis H test (KW). The
data were obtained from the field site for A. halleri (n=6 for each developmental stage, i.e. 3 plants from P14 and
3 plants from P15 leading to 6 plants with fertilizer and 3 plants from P16 and 3 plants from P17 leading to 6
plants without fertilizer). A KW test comparing the 3 data from P14 to those of P15 showed that these data were
not significantly different. As a consequence, these 3+3 data were pooled. Another KW test was performed to
compare data of two groups formed by the A. halleri plants from the plots with and without fertilizer ,. All statistics
were performed with the R statistical software 3.2.2 (R Core Team). Significant differences were indicated at the
level of α =0.05.

Results and discussion
What effect did the fertilizer used in situ have on A. halleri biomass and Cd/Zn concentrations in function to the
developmental stage?
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Without fertilizer, the highest biomasses were obtained in the plots P16 and P17 (Fig. 1) at the flowering and
fruiting stages (Fig. 3 A). While a significant increase in biomass was observed without fertilizer (0.32 ± 0.05 g at
rosette stage to 1.00 ± 0.41 g at flowering stage, p-value < 0.05), no significant difference was observed in the
biomass obtained with fertilizer due to a large individual heterogeneity (2.33 ± 0.7 g at rosette stage to 5.28 ± 1.5
g at flowering stage and 6.02 ± 2.9 g at fruiting stage, p-value > 0.05). This finding confirms previously obtained
results showing that fertilizer has a long-term effect on biomass (Grignet et al. 2020). However, it is noteworthy
that the quantity of biomass obtained on the plot with fertilizer was significantly higher (+50 %) than that on the
plot without fertilizer for each developmental stage (Fig 3 A). These results demonstrate for the first time that
fertilizer increases the biomass of A. halleri, whatever its growth stage. They are in line with previous studies
conducted on N. caerulescens showing that fertilizer additions can lead to an increase in biomass of up to 50%
(Bennette et al. 1998; Xie et al. 2009; Jacobs et al. 2018). In Jacobs et al. (2018), the dose of fertilizer was the
same as that used in this study.
Without fertilizer (Fig. 1), the concentrations of Cd and Zn in aboveground parts of A. halleri did not change in
function to life cycle stages (p-value > 0.05) (Fig. 3 B and C). However, during the flowering stage, a large
individual heterogeneity was observed in Zn accumulation. At this stage, two individuals exceeded the threshold
of hyperaccumulation for Zn (>10,000 mg. kg-1), as previously reported on the same site (Grignet et al. 2020),
whereas two others presented a concentration of 1000 mg kg -1. Contrary to Zn (Fig. 3B), the Cd concentrations
increased according to life cycle in the presence of fertilizer (Fig. 3C), the highest Cd concentration being observed
at the fruiting stage (10.2 ± 1.48 mg.kg-1 DW). The increase in Cd concentrations can be explained by the fact that
Cd follows paths designed for essential ions such as calcium channels (Verbruggen et al. 2009a). Fertilizer did not
significantly increase the mean concentration of Zn between stages. Although, a tendency in Zn was noted in
presence of the fertilizer compared to the conditions without fertilizer. Contrary to the previous study, a
homogenization in Zn concentrations between stages and within a single stage (decrease of the inter-individual
variability) was observed.
Our findings are in line with many previous studies showing that N-fertilizer increases phytoextraction potential
by enhancing biomass and/or TE concentration in hyperaccumulators (Bennett et al. 1998; Xie et al. 2009, Jacobs
et al. 2018; Grignet et al. 2020).
Grignet et al. (2020) found that the most suitable growth stages for use in Zn-ecocatalysis production were the
flowering and fruiting stages when A. halleri was not exposed to fertilizer, and the rosette stage after 1 month of

9

exposure to fertilizer. This study, conducted on the same site and thus soil conditions, confirmed that the highest
Zn concentrations were found at the flowering stage when the plant was not exposed to the fertilizer. Although the
Zn concentrations did not differ in the presence and absence of fertilizer, the average concentrations were roughly
doubled which suggests that all stages are suitable for ecocatalysis production. Nevertheless, it would be advisable
to select the rosette or flowering stages to decrease the Cd concentration, which could represent a limitation for
this purpose (Grignet et al. 2020). The estimated biomass yield was between 1.3 and 3.7 t. ha-1 for the fertilizer
plots, and between 0.4 and 1.5 t. ha-1 for the plot without fertilizer (Table 1). These results were far higher than the
one reported on McGrath et al. (2006) and comparable to the one obtained by Tlustoš et al. (2016) on a metalcontaminated site where A. halleri was cultivated without fertilizer. The results obtained in presence of fertilizer
confirmed those reported on the same field by Grignet et al. (2020). The quantity of Zn exported by A. halleri was
highest at the flowering stage without fertilizer and at the flowering and fruiting stages with fertilizer (11 and 17
kg. ha-1. Year-1, respectively) (Table 1). Irrespective to the presence of fertilizer, the flowering stage was the most
suitable to obtain the maximum Zn concentration for ecocatalysis and to maximize Zn export while limiting Cd,
in our soil conditions.
Does A. halleri naturally mycorrhize in our metal-contaminated site?
Before testing the relevance of a mycorrhizal inoculum amendment in controlled experimental conditions, the
natural mycorrhizal status of A. halleri was checked in the field site. The AMF colonization of A. halleri roots was
investigated at different stages (rosette, flowering and fruiting) in the plots with and without fertilizer (Fig. 1). In
these soil conditions, no specific AMF structures (arbuscules, vesicles, hyphae) were observed in A. halleri roots
whatever the growth stage and regardless of the presence of fertilizer. Although the members of the Brassicaceae
family are widely known to be non-mycorrhizal, natural mycorrhization of A. halleri could still be expected.
Indeed, Hildebrandt et al. (1999) found a low colonization rate in A. halleri ranging from 1 to 7%, although no
arbuscules, the main sites for nutrient exchange between the two partners of the mycorrhizal symbiosis, were
observed. As reported for some Brassicaceae such as Noccaea species and Biscutella laevigata L., it is possible
that A. halleri could be mycorrhized during the reproductive period (flowering and fruiting stages) (Regvar et al.
2003; Orlowska et al. 2002). Several hypotheses could explain the absence of mycorrhization in A. halleri. Firstly,
TE may have a deleterious effect on AMF growth (reducing fungal biomass and mycorrhizal colonization)
(Karlinski et al. 2009; Christie et al. 2004). Pawlowska and Charvat (2004) showed a decrease in hyphae density,
spore germination rate, and presymbiotic hyphal extension in the presence of metallic stress on two AMF species
(Claroideoglomus etunicatum and Rhizophagus irregularis). Secondly, TE could affect AMF spore formation and
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thus their availability in soil (Cabello 1997; Gattai et al., 2011). Indeed, several studies have shown that the number
of AMF spores in polluted soil is low, ranging from 200 to 350 spores / 100 g dry soil (Cabello 2006; Mozafar et
al. 2002), which agrees with the low quantification in the polluted soil studied in this work (220 spores / 100g of
dry soil). For comparison, in unpolluted soil, the number of spores can reach 700 - 3000 spores / 100 g dry soil
(Cabello 2006; Oehl et al. 2003; Gosling et al. 2010). Thirdly, it is known that high N and phosphorus (P)
concentrations are unfavourable to the establishment of mycorrhizal symbiosis and reduce spore germination
(Christie et al. 2004). In our experimental conditions, the P concentration was 0.8 g.kg-1 dry soil, demonstrating a
P content to 8 times higher than the average P content measured in French soil (0.014 - 0.172 g.kg-1 (Delmas et al.
2015)). Many works on the use of N-fertilizer have shown that the nature and the quantity of fertilizer used affect
soil microbial communities (Bardgett et al. 1999; Lundquist et al. 1999), particularly AMF (Egerton-Warburton
and Allen 2000). Indeed, the addition of N-fertilizer has been shown to reduce AMF species diversity and
abundance, spore abundance, as well as hyphal and vesicular root colonization (Bardgett et al. 1999; Lundquist et
al. 1999; Egerton-Warburton and Allen 2000). The initial amount of N in our soil was high (about 2.8 g.kg-1 dry
soil whereas local ordinary soil concentrations are between 1 to 2.5 g.kg-1 (GIS Sol, BDAT, 2011)), and so the
addition of fertilizer is assumed to not favoured the spore germination, colonization and mycorrhization of A.
halleri. Nevertheless, to confirm this assumption, the measurement of the N and P availability will need to be
investigated.
However, despite the high P and N content of the contaminated soil, the mycorrhizal rate of the natural colonizer
plants (Mercurialis annua, Lamium purpureum and Potentilla reptans) collected on the site ranged between 6 and
15% (Table 2).The results may be low but they do suggest that mycorrhization of A. halleri could have occurred.
Altogether, these findings tend towards the hypothesis that TE contamination and, probably the P and N contents,
of the soil could have reduced the AMF colonization of A. halleri roots, although these factors did not completely
inhibit it. This strongly suggests that A. halleri is a non-mycorrhizal species.

Can mycorrhization be induced in A. halleri under controlled conditions in pot experiment?
To confirm the lack of colonization by mycorrhizal fungi in field condition at the rosette, flowering and fruiting
stages, an induced mycorrhization of A. halleri was carried out in controlled conditions in an uncontaminated
substrate, as described in A. thaliana (Veiga et al. 2013). The controlled conditions made it possible to overcome
the potential limitations described previously (limited number of spores, high levels of N, P and TE in soil). As a
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result, T. repens and/or A. halleri were cultivated on a neutral soil, which did not contain TE, in 1.5L pots, in the
presence or absence of an AMF inoculum.
The total mycorrhizal rate of T. repens was estimated at 38% (Table 3) and arbuscules were observed (5%). The
A. halleri roots did not show any colonization either when grown alone or in the presence of T. repens (Table 3).
Microscopic observations of stained A. halleri roots showed extra-radical hyphae (Fig. 4), which proved that the
experimental device worked well. The extra-radical fungal hyphae, produced by T. repens colonization, was able
to cross the nylon membrane and reach part of the A. halleri. In spite of this, no colonization of A. halleri was
observed. The same device was used in a study by Veiga et al. (2013) on A. thaliana, which was found to be
colonized by the AMF R. irregularis (12%) when grown with the host plant Trifolium pratense L.. However, no
arbuscules were observed. Several hypotheses could be proposed to explain the non-mycorrhization of A. halleri
in these controlled experimental conditions. The commercial AMF inoculum used may not be well-adapted to A.
halleri. Indeed, in some studies, AMF have been found to be non-host specific (Gianinazzi-Pearson et al. 1985;
Zhu et al. 2000) whereas others suggest a host plant-AMF relationship specificity (Sanders and Fitter 1992; Van
der Heijden et al. 1998; Sanders 2002; Bever et al. 2003). Some plant species are susceptible to being colonized
by one or more AMF species. The preference for one AMF species, known as ecological specificity (McGonigle
and Fitter 1990), could be due to different root exudates (Steinkellner et al. 2007) or different types of arbuscular
structure (Arum or Paris) (Smith and Read 2008).
Taken together, our results demonstrate that A. halleri does not appear to be a mycorrhizal plant species or have
an ecological specificity. To confirm that A. halleri is not a mycorrhizal plant species, it would be interesting to
test other mycorrhizal inoculums composed of other AMF species.
The most widespread hypothesis to explain why Brassicaceae plant species are not mycorrhizal is the deletion of
symbiotic genes grouped under the name “symbiotic toolkit” (Delaux et al. 2014). They affect several colonization
steps in pre-symbiotic, fungal entry, intraradical hyphal colonization and arbuscular formation (Cosme et al. 2018).
In A. thaliana and Arabidopsis arenosa L., the symbiotic toolkit genes are not present (Cosme et al. 2018) which
may suggest that all species of this genus are non-mycorrhizal. In A. halleri, no information is available. To
confirm the absence of these genes in the hyperaccumulator A. halleri and thus reach a conclusion on the
mycorrhizal potential of this species, it would be necessary to assess these gene expressions in A. halleri.

Can A. halleri be colonized by the endophytic fungus S. indica in pot experiment?
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If S. indica was to be TE-tolerant, it could be an alternative to AMF in A. halleri to boost the plant’s growth and/or
TE accumulation. Recent studies have shown that A. thaliana can be colonized by S. indica (Thürich et al. 2018;
Abdelaziz et al. 2017), and so a similar colonization of A. halleri was expected. Indeed, beyond the success of the
experiment indicated by the colonization rate of T. repens (18%), A. halleri was colonized by S. indica at a rate of
8% (Table 3). Apart from the fact that this endophytic fungus has an exceptionally large plant host range (Qiang
et al. 2012), several studies have shown that it has a beneficial effect on the growth of plants exposed to Cd soil
pollution (Padash et al. 2016; Hui et al. 2015; Shahabivand et al. 2017; Nanda and Agrawal 2018).
The results of the tolerance test showed a MIC of 2 mM for Zn and of 0.01 mM for Cd but rather different results
were found with the same S. indica strain in a different study (MIC for Zn = 9mM and for Cd = 0.3mM in Berthelot
et al. (2016)). However, since the culture medium and the TE bioavailability differed between the two studies, it
is not possible to compare the MIC. In our experimental conditions, S. indica showed a low tolerance to Zn and
no tolerance to Cd. Future work is required to confirm the TE tolerance of S. indica in soil conditions and to study
the effect of S. indica on Cd and Zn accumulation by A. halleri and its biomass production.

Conclusion
In this study, fertilizer and fungal inoculation were studied as a means of increasing the biomass of the
hyperaccumulator A. halleri, since the plant’s low biomass yield has been identified as a blocking point for an
optimal Zn and Cd phytoextraction. For the first time, based on an in situ field study over one life cycle (rosette,
flowering and fruiting), we have shown that fertilization increases both the biomass and the Cd concentration of
A. halleri. These results confirm, on one hand, the benefit of fertilization as an agronomic practice to reduce the
biomass limitation and, on the other hand, the usefulness of A. halleri in removing Zn and Cd from the soil. To be
able to generalize results, experiments might be conducted on several different soils, in particular with a neutral or
acidic pH. Further studies will focus on upscaling to produce practical advice for workers on polluted soils. This
study confirms the benefit of A. halleri at all developmental stages for ecocatalysis production, based on the Zn
concentrations obtained in the presence of fertilizer. In addition, this is the first time that the natural mycorrhizal
status of A. halleri has been studied on a TE-polluted soil over one life cycle and that induced mycorrhization on
the species was performed. The results suggest that, like most members of the Brassicaceae family, A. halleri is
not mycorrhizal. To definitively state on the mycorrhizal status of the species, other AMF inoculums should be
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tested. As an alternative to AMF, the effect of endophytic fungi such as S. indica, which successfully colonized A.
halleri, on biomass and TE improvement could be investigated in future work. In a phytoextraction strategy, the
combined use of several (hyper)accumulators should be considered in order to maximize the metal removal from
the site, while focusing on other benefits such as aesthetics, biomass production for bioenergy and raw matter. For
these purposes, our research will focus in the future on further investigating aspects of A. halleri and willows cocultivation.
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Table 1. Biomass yield (based on an extrapolation to 1ha from the biomass of the plants collected on 1m 2 plot,
and Cd and Zn removal per hectare and per year for each stage without and with fertilizer.

Without fertilizer
rosette
flowering
fruiting
0.466
1.538
1.303

Biomass yield
(T ha-1)

With fertilizer
rosette
flowering
fruiting
1.398
3.168
3.720

Zn removal (Kg ha-1 year-1)

1.6

11

3.5

7

17.4

17.9

Cd removal (g ha-1 year-1)

1

3

2

4

15

38

Table 2. Mycorrhizal status of the colonizer plant species grown on the contaminated experimental site (Mean ±
SD).

Family

Species

Total

Arbuscules

colonization

%

Vesicules %

rate %
Euphorbiaceae

Mercurialis

6±3

3 ±2

4 ±1

12± 8

6 ±2

8 ±4

15± 11

8 ±4

9±3

annua
Lamiaceae

Lamium
purpureum

Rosaceae

Potentilla reptans

Table 3. Root colonization of Trifolium repens and Arabidopsis halleri inoculated with AMF inoculum (FR140®)
and S. indica; (Mean ± SD).
Inoculums

Culture

Plant

conditions

Total
colonization

Arbuscules Vesicules
%

%

rate %

AMF

Monoculture

A. halleri

0

0

0

Culture

T. repens

38.3 ± 7.4

5.3 ± 3.1

15.6 ± 4.2

A. halleri

0

0

0

FR140®

combination
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Endophyte fungus

Monoculture

T. repens

18 ± 4

/

/

A. halleri

8±2

/

/

S. indica

Figure captions
Fig. 1 Experimental design of the field trial showing A. halleri plots (P) with (P14-P15) and without (P16-P17)
fertilizer and places where the colonizer plants were collected (blue full circle).
Fig. 2 Representation of a dual-compartment microcosm containing on the left, the host plant (T. repens), used to
pre-establish the arbuscular mycorrhizal network and on the right, A. halleri. The two root systems were separated
by a 30 mm nylon mesh (permeable to hyphae) to reduce the effects of direct root competition.
Fig. 3 Average dry weight (DW) per plant (A), Zn (B) and Cd (C) concentrations of A. halleri aboveground parts
(mean ± SD) according to different developmental stages (rosette (light blue), flowering (blue grey) and fruiting
(dark blue) (n=6 for each stage of development). Significant differences between stages are indicated by different
letters at α = 0.05, significant differences between conditions at the same stage are indicated by  at α = 0.05 (n=6).
Fig. 4 Morphological characteristics of fungal structures in A. halleri roots (pot experiment). a extraradical hyphae,
b colonization by fungal endophyte (S. indica, chlamydospores).

20

Fig. 1

P16
P14

P15

P17

P16 P17

P14 P15

A. halleri plots

colonizer plants
P14-15

1m² plots A.halleri in co-cultivation with NPK
fertilizer

P16-P17

1m² plots A.halleri in co-cultivation without NPK
fertilizer

21

Fig. 2

T. repens
A. halleri
F. Mosseae
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Fig.3
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Without fertilizer

With fertilizer
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Fig. 4

AMF hyphae

P. indica
chlamydospores
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