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Abstract

Astragalus tragacantha is a protected plant species in France that grows even in the trace
metal and metalloid (TMM) polluted soils of the Calanques National Park (PNCal). Soils are
mainly contaminated by lead, copper, zinc and arsenic. An ex situ experiment was conducted,
firstly to determine the molecular responses and root traits involved in the TMM tolerance of
this plant species by growing individuals in a soil from the surroundings of one of the
brownfields of the PNCal, known as I’Escalette, where this plant species grows
spontaneously. Secondly, in order to determine the plasticity of these responses, seeds were
collected from three different populations, one at I’Escalette (polluted site), one from the
Frioul archipelago (non-polluted, insular site) and one from La Seyne (non-polluted, littoral
site). The results of this study confirmed the capacity of 4. tragacantha to germinate and
grow in TMM contaminated soils. Only moderate significant variations in chlorophyll and
flavonol indices, proline content and antioxidant activities were detected between polluted
and control soil conditions for all populations. The main driver for A. tragacantha TMM
tolerance seemed to be its ability to be associated with root symbionts i.e. arbuscular
mycorrhizal fungi and dark septate endophytes, corresponding to a nutrient-uptake strategy
trait. This work provides support for the challenge of A. fragacantha conservation along the
littoral of the PNCal, because increasing the number of A. tragacantha individuals would both
increase vegetation cover of the polluted soils to reduce the pollution transfer and reinforce

the populations of this species.

Highlights
A rare plant species able to grow in metal and metalloid contaminated soils
Germination and growth not affected by Pb and As soil pollution

High plasticity of seedlings of this rare protected plant



Enhanced Pb and As tolerance due to nutrient-uptake strategy

Preserving this rare species may improve phytostabilization of soil pollutants

Keywords: heavy metals, proline, reactive oxygen species, plant growth, seed germination,

root symbiosis



Introduction

Trace metal and metalloid (TMM) contamination of soil, water and atmosphere is of
worldwide concern (Mcintyre, 2003). One of the challenging issues is to better understand
how the environment deals with these increasingly stressful conditions. The metallurgy
industry in the past led to TMM pollution of surrounding soils. However, some brownfields
are partially covered by spontaneous vegetation that probably developed several mechanisms
of metal tolerance, enabling its survival in such a harsh environment. Therefore spontaneously
vegetated brownfields provide a pool of TMM tolerant plant individuals healthy enough to
maintain a self-sustaining population and also to enable us to refine in sifu mechanisms of
TMM tolerance. However, when a species establishes on a soil with high TMM content, plant
tolerance to TMM will occur within the limits of phenotypic plasticity (Schat et al., 1997;
Pollard et al., 2002; Ernst, 2006; Quintela-Sabaris et al., 2012).

In the literature, pseudo-metallophyte (i.e. facultative metallophyte) mainly refers to
plants being able to grow both in TMM polluted and non-polluted areas (Tordoff et al., 2000;
Sarret et al., 2002; Pauwels et al., 2006; Faucon et al., 2009; Marchiol et al., 2013; Favas et
al., 2014). Due to TMM stress potentially reducing plant growth, results demonstrating no
significant differences of growth of some pseudo-metallophytes between polluted and non-
polluted sites (Deram et al., 2006, Laffont-Schwob et al., 2011) contribute valuable
information regarding their tolerance capacity and their ability to mitigate pollutant impacts.
However, only considering plant occurrence or growth traits does not lead to identical
responses, and raises questions regarding the ecological optimum of these pseudo-
metallophytes (Faucon et al, 2011). Pseudo-metallophytes are known to have acquired
specific TMM tolerance. However, the adaptation mechanisms may differ between
metallophytes and pseudo-metallophytes (Baker et al., 2010; Pauwels et al., 2005; Pauwels et

al., 2006).
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A typical consequence of TMM toxicity is the excessive production of reactive
oxygen species (ROS) via Fenton-like reactions as singlet oxygen ('O,), superoxide radicals
(O2), hydrogen peroxide (H,O,) and hydroxyl radicals (OH') disturbing redox homeostasis
(Shah et al., 2001; Mittler, 2002; Sharma et al., 2007; Mishra et al., 2011; Sharma et al.,
2012). Furthermore, if ROS are not detoxified by endogenous mechanisms, oxidation of
cellular compounds is likely to occur such as lipid peroxidation and alteration of
protein/enzyme activity, resulting finally in plant death (Dubey, 2011; Hossain et al., 2012;
Mediouni et al., 2009; Rascio and Navari-Izzo, 2011). In response, plants have developed
various antioxidant defenses involving biomolecules (e.g. ascorbate, glutathione, tocopherol,
proline), and enzymes (e.g. superoxide dismutases, peroxidases, catalases), which together
constitute the total antioxidant capacity of cells (Larson, 1988; Ghisseli et al., 2000; Sytar et
al., 2013). Proline commonly increases in plant tissues in response to environmental stresses
(e.g. TMM, high salinity, drought, flooding, cold). However, besides its action as an osmolyte
for osmotic adjustment, proline also contributes to stabilizing the sub-cellular structures (e.g.
membranes and proteins) by scavenging free radicals and buffering cellular redox potential
under stress conditions (Schat et al., 1997; Szabados and Savoure, 2009; Hayat et al., 2012).

Plant secondary metabolites are often referred to as molecules that play a major role in
the adaptation of plants to their environment, notably by their involvement in defense
mechanisms, and many key enzymes are involved in the biochemical detoxification of TMM
(Baker and Whiting, 2002). Phenolic compound biosynthesis may be altered by TMM (Krupa
et al., 1996; Zengin, 2006). However, an enhancement of phenylpropanoids can be observed
under different stress conditions. These compounds may have an antioxidant action due to
their ability to chelate metals (Sakihama et al., 2002). Phenolics possess hydroxyl and
carboxyl groups, able to bind some metals such as copper. This increase in phenolics is

correlated with increased activity of enzymes involved in the biosynthesis of phenols under



heavy metal stress (Singh et al., 2016). Flavonoids, polyphenolic compounds from the
phenylpropanoid pathway, may accumulate in epidermal cells of various plant organs
(Sakihama et al., 2002). Therefore phenolic compounds may be good indicators of the health
status of plant species under metal stress (Rabier et al., 2014).

Astragalus tragacantha L. (Fabaceae) is a western Mediterranean perennial cushion-
like plant species well-adapted to drought. This endangered species is protected in France,
where it is mainly distributed in the Calanques National Park (PNCal), Marseille (Hardion et
al., 2010). In the PNCal, 4. tragacantha populations are found to grow even in TMM polluted
soils (Laffont-Schwob et al., 2011). These polluted soils are the heritage of the past industrial
activity of the area, and in particular lead smelting (Daumalin and Laffont-Schwob, 2016).
Major contaminants such as lead, copper, zinc and arsenic (Pb, Cu, Zn and As, respectively)
were detected at high levels in the soils (Testiati et al., 2013; Affholder et al., 2013; Afftholder
et al., 2014), and in particular in the soils of the 4. fragacantha habitat (Laffont-Schwob et al.,
2011). Therefore A. tragacantha may be considered as a pseudo-metallophyte (Heckenroth et
al., 2016). Literature on the metabolism of A. tragacantha is very scarce, and its potential
ability for TMM phytostabilization, i.e. the use of plant cover aiming at reducing the mobility
of contaminants of a soil, calls for a better understanding of the underlying mechanisms of
this tolerance (Laffont-Schwob et al., 2011).

The aim of this study was to characterize the biochemical responses and root traits
involved in the TMM tolerance of this plant species by growing individuals in a soil from the
surroundings of the brownfield of 1’Escalette, where this plant species grows spontaneously.
The hypothesis is that root traits such as root symbioses may reveal a nutrient-uptake strategy
under polluted conditions involved in A. tragacantha TMM tolerance. Secondly, to define the

plasticity of these responses, seeds were collected from three different populations, and the



potential effect of seed origin on the TMM tolerance was assessed through a laboratory

experiment under controlled conditions.

Materials and methods

Experimental design

The seeds of Astragalus tragacantha were collected from different populations at
three locations in the south of France (Fig. 1). Two of them are in the Calanques National
Park (Marseille, France): one inland at I'Escalette (ESC), the second in the Frioul archipelago
(FRI) at Pomegues island, and the third along the coast at La Seyne (VAR), Var, France (Fig.
1). These three disconnected populations were chosen to test the hypothesis of a plant
response plasticity to TMM exposure, since it has been previously demonstrated by Hardion
et al. (2016) that fragmentation of the A. fragacantha populations is a driver of its
diversification.

The A. tragacantha seeds from the I’Escalette populations (ESC) come from a
polluted environment with a highly TMM contaminated soil due to its industrial heritage. The
Frioul population (FRI) is found on a non-agronomic soil without industrial heritage, and the
La Seyne population (VAR), on a small cliff. Soils of the latter two populations are less
anthropized and contaminated, thus allowing a comparative approach for the effect of soils
and seeds origins on the A. tragacantha growth. For each population, five individuals were
randomly selected at least Sm apart from each other. Fifty seeds were collected (roughly)
from each individual, then stored in a dry/dark place until use for the experiment.

To characterize the edaphic in situ conditions before collection, a composite sample of

soil taken at four points around each plant (<15cm topsoil) was collected under the same five



A. tragacantha individuals at each seed collection site, and pooled in a single soil sample
considered as representative of soil composition for the whole population, and analyzed by
portable X-ray fluorescence analyzer (Niton® XLt 792W, Thermo Scientific). The polluted
soil for the laboratory experiment was collected at the brownfield of 1’Escalette, air-dried at
room temperature and sieved at 2 mm before analysis and use. The experimental design of
soil collection, treatment and analysis is detailed in Figure 1, the results of analyzed elements

in soil samples such as Pb, As, Zn and Cu are presented in Table 1.

Soil composition for plant culture under controlled conditions

Two different soils were used for the experiment i.e. one polluted and another non-
polluted. As a control of unpolluted soil, commercial loam (STM, terreau semis compatible
AB, Botanic®, France) was used. The TMM composition of this control loam obtained by
portable X-ray fluorescence analyzer (Niton® XLt 792W, Thermo Scientific) is detailed in
Table 1.

The polluted soil used in the lab experiment comes from the brownfield of 1'Escalette.
Soil samples (2.51 per plot) were randomly collected at five plots in the top 15 cm-layer (after
removal of the litter) in the brownfield in proximity to the A. tragacantha population and
pooled by mixing an equal weight from each plot. The obtained composite soil (SPO) was
sieved at 2 mm in in situ. Then for TMM analyses, an aliquot of the composite soil was air-
dried at room temperature and ground (RETSCH zm 1000 with tungsten blades and titanium
sieve) to 0.2 mm. It was mineralized in a microwave mineralizer (Milestone Start D) using
aqua regia (1/3 HNOs+2/3 HCI), then filtered with a 0.45 um mesh. TMM levels were
determined by ICP-AES (Jobin Yvon Horiba, Spectra 2000) for Zn, Cu and Pb (Affholder et
al, 2013), and by graphite furnace AAS (Thermo Scientific ICE 3000) for As (3 analytical

replicates). Quality assurance-quality controls and accuracy were checked using standard soil



reference materials (CRM 049-050, from RTC-USA), with accuracies within 100£10%. The

TMM composition of this polluted soil is detailed in Table 1.

Seeding and plant growth conditions and growth parameters

Due to its protection status, experiments on A4. tragacantha were conducted under
controlled conditions with seedlings. For each population (ESC, VAR, FRI), seeds collected
in the wild were scarified with a piece of sandpaper, and then placed in pots in environmental
test chambers (MLR-351H, Sanyo), four seeds per pot. For each population, five replicates
were grown on SPO soil (70% contaminated soil sieved at 2mm + 30% washed sand) in
200 ml-individual pots, and five replicates were grown on STM soil (70% commercial loam +
30% washed sand) in 200 ml-individual pots, for a total of 30 pots. The pots were watered
twice a week with deionized water at constant mass to maintain almost constant soil moisture
during the experiment (60% water holding capacity). Plants were grown during ca. 5 months
under a photon flux density of 150 umol.m'zs'l, photoperiod of 16h at 25°C and nyctiperiod
of 8h at 15°C with a constant rate of humidity of 60%. Seed germination percentages were
determined 1 and 3 weeks after sowing. Shoot height and leaf number were monitored after 3,
6 and 21 weeks.

At the end of the experiment, root and shoot parts were harvested separately. Root
parts were washed carefully (to remove any substrate particles) under tap water and rinsed
three times with deionized water. A root sample of each individual was kept in ethanol (60°)
for root symbiosis observation. Root and shoot parts were weighed and their maximum
lengths measured, and then root and shoot samples were frozen in liquid nitrogen and kept at -

80°C until biochemical analysis.

Non-destructive phytometabolites monitoring with Multiplex



Monitoring of phytometabolites was done after 3, 6 and 21 weeks during the
experiment. Plant health status was determined with a portable fluorimeter Multiplex® 3
(FORCE-A, Orsay, France) through the estimation of simultaneous measurements of
epidermal phenol, flavonol, anthocyanin and chlorophyll indices, and a N/C index (Rabier et
al., 2014). Non-destructive measurements with Multiplex equipment are based on the
chlorophyll fluorescence screening method (Agati et al., 2007; Cerovic et al., 2008; Agati et
al., 2011) and different combinations of the blue-green, red and far-red fluorescence signals at
the various excitation bands could be used as indices of the different compounds. For each
condition (SPO and STM), five measurements were made on each replicate per population
(for a total of 15 measurements per soil condition). Phytometabolite indices were expressed as
an average value per population, and soil condition of five replicates (mean values of 5

measurements per individual).

Plant bioassays
Root and shoot frozen samples collected at the end of the controlled culture
experiment from each population and soil condition were used. Total antioxidant capacity and

lipid peroxidation were estimated on these samples (5 replicates).

Lipid peroxidation assay (MDA)

The amount of lipid peroxidation was estimated with TBARS (Thiobarbituric Acid
Reactives Substances) Assay Kit, from Cayman Chemical Company. Frozen roots and shoot
were individually mashed under high-speed shaking in a Tissue Lyser (Retsch, Haan,
Germany) during 1 min at 30 Hz three times with stainless steel beads in 1.5 ml of extraction
buffer (SmM KH,PO4, pH 7.4 with 0.9% NaCl and 0.1% glucose). Root samples were

supplemented with driselase 1% (Sigma, CAS Number 85186-71-6). The resulting
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homogenates were centrifuged at 1600 x g for 10 min at 4°C, and 100 pl supernatant aliquots
was sampled and stored at -80°C until the experiment.

Samples were then prepared with 100 ul of root or shoot samples or standard
malondialdehyde (MDA), and homogenized with 100 ul of SDS solution and 4 ml of the
color reagent (Tella et al., 2014). The reaction mixture was heated at 100°C for 60 min in a
water bath and cooled immediately in ice for 10 min, and then centrifuged at 1600 x g for 10
min at 4°C. Finally, MDA content of the supernatant was determined spectrophotometrically
(BioTek Epoch, Winooski, VT, USA) at As3p nm and compared to a MDA standard curve.
TBARS contents were normalized to total protein content, which was determined at 595 nm

by the Bradford method (Bradford, 1976), using bovine serum albumin (BSA) as standard.

Total antioxidant capacity (TAOC)

Total antioxidant content in the different organs (root and shoot) was determined
according to Miller et al. (1993), using the antioxidant Assay Kit (ABTS method) from
Cayman Chemical Company. Samples were prepared following the same method as for lipid
peroxidation measurement. The resulting homogenates were centrifuged at 10000 x g for 15
min at 4°C, and 80 pl of the supernatant were sampled and stored at -80°C until the TAOC
measurements.

The assays (triplicate) were prepared on 96-well plates with 10 pl of Trolox (standard)
or 10 ul of samples, 10 pl of metmyoglobin and 150 pl of chromogen. Reactions were
initiated by adding 40 pl hydrogen peroxide. The plate was then incubated at room
temperature under agitation during 5 min. Absorbance was spectrophotometrically determined
at 750 nm and total antioxidant content was calculated by comparison with a Trolox (a water-
soluble tocopherol analogue) standard curve. As for the TBARS, TAOCs were normalized to

total protein, which was determined according to the Bradford method (Bradford, 1976).
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Proline assay

Proline was extracted as described by Abraham et al. (2010). Approximately 200 mg
of frozen tissues of shoots or roots were ground in nitrogen liquid in a mortar and centrifuged
with 3% aqueous sulfosalicylic acid solution (5 pl/mg fresh weight) at 2000 x g for 5 min.
100 pl of plant supernatant extract were added to glacial acetic acid (200 pl), ninhydrin
reagent (200 pl) and 3% sulfosalicylic acid (100 pl) mix. The tubes were incubated at 96°C
for 60 min and the reaction was stopped in ice. After addition of toluene (2 ml) to the reaction
mixture, samples were vortexed 20 sec and incubated 5 min at room temperature. The
absorbance of the chromophore containing toluene was measured at a wavelength of 520 nm
using toluene as reference. The proline concentration is determined using standard
concentration curve and calculated on fresh weight (umol.g™" FW) basis, as follows (Bates et
al., 1973):

[(ug of proline/ml x ml toluene) /[115.5ug/umole]
[g sample/5]

(umoles proline/g of fresh weight) =

Root symbiont observations

For each treatment, root samples stored in alcohol (60°, v/v) were rinsed and cut into
10 segments 1 cm-long per replicate (total of 50 root segments per condition). The root
segments were cleared by boiling in 10% KOH (between 5 and 10 min), and then rinsed
several times under tap water. The cleared roots were boiled for 3 min in 5% ink
(Pelikan)/white vinegar solution according to Vierheilig et al. (1998). The percentage of root
symbioses was estimated by visual observations of fungal structures: vesicles, arbuscules and
intraradical hyphae for arbuscular mycorrhizal (AM) symbionts and microsclerotia and
septate mycelia for dark septate endophytes (DSE). For each kind of symbiont, results were

expressed as a percentage of symbiont colonization of root length.
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Statistical analysis

Statistical analyses were performed for all data using JMP 10 statistical software (SAS
Institute, Cary, North Carolina, USA). Differences between the two soil conditions (SPO and
STM), and between the three populations (ESC, VAR, FRI) for all plant growth parameters,
plant stress indices and, root symbionts, were determined using the nonparametric Wilcoxon
test at p<0.05, and Dunn’s test pairwise comparisons was used as post-hoc test at p<0.05. A
principal component analysis was done with the biochemical and root-traits data for the three

populations and the two soil conditions.

Results
Soil analyses

The composite soil (SPO) used for the controlled condition culture experiment was
highly contaminated by Pb and As (Table 1), with up to 170-fold more contaminated with Pb
and up to 45-fold with As than the less anthropized soils of FRI and VAR A. tragacantha
populations, and 3-fold more contaminated with Pb and 6-fold with As than the soil from the
Escalette population (ESC). Contamination factors (average TMM soil concentration on a site
/ average TMM concentration of the local background) could be calculated from an
estimation of the local contamination background levels in soils of the PNCal area (43, 5, 7.5
and 66 mgkg™" for Pb, As, Cu and Zn, respectively (Affholder et al., 2014)). They presented
values of 71 and 215 for Pb, 34 and 225 for As, 25 and 41 for Zn in ESC and SPO,
respectively, while contamination factor values were between 2 and 4 for FRI whatever the
element. Local contamination background is not available for the La Seyne area (VAR), so

contamination factors could not be calculated for the soils of this population. But TMM
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concentrations in these soils were similar to FRI for As and Cu, and lower than FRI for Pb

and Zn (Table 1).

Germination rate

For the ESC population, no significant differences of germination rate were found
between STM and SPO soil conditions after 1 and 3 weeks (Fig. 2). For the FRI population,
no significant differences were observed after 1 week between STM and SPO soil conditions.
However, germination rate was higher in SPO soil than STM after 3 weeks. For the VAR
population, germination rate was higher in SPO soil than STM after 1 week, but this
difference disappeared after 3 weeks. The highest germination rate was obtained for the ESC
population. Furthermore, the germination rate for ESC was significantly higher in STM
condition than those for the FRI and VAR populations (Fig. 2). Maximum germination rates

were obtained after 3 weeks for each condition.

Growth traits and root symbiont occurrence of A. tragacantha depending on soil
conditions and seed origin

After 3 and 6 weeks of growth, no significant differences of growth were revealed
between populations (ESC in highly contaminated soil vs FRI, VAR, in soils without
industrial heritage) nor soil (SPO, STM) condition (Fig. 2). However, after 21 weeks of
culture, seedlings from ESC and FRI had a significantly lower shoot height than the seedlings
from VAR in the SPO condition, whereas no significant differences of shoot height were
observed between all populations in the STM soil after the same time. Comparing the same
population in both soil conditions, a significant difference was observed only for the seedlings
from FRI, i.e. individuals in the STM soil had a significantly greater, height than those in the

SPO soil, and stunting in shoot length was ca. 23% after 21 weeks of culture.
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Whatever the population and the soil condition, no significant differences of root length
were observed after 21 weeks of culture (Fig. 3). Concerning root symbionts, arbuscular
mycorrhizal (AM) fungi and dark septate endophytes (DSE) were observed in all root systems
whatever the population or the soil condition. However, occurrence of AM mycelium was
significantly higher in SPO condition than in STM condition, and percentage of AM vesicle
was significantly higher in SPO condition compared to STM condition for ESC and VAR,
respectively. No significant differences were observed for the DSE occurrence whatever the

population or the soil condition.

TMM tolerance mechanisms of A. tragacantha depending on soil condition and

seed origin

The monitoring of primary and secondary metabolites using non-destructive
equipment was done after 3, 6 and 21 weeks (Fig. 4). After 3 weeks, the chlorophyll index
was significantly higher for SPO than STM condition for FRI and VAR seedlings. However,
in the STM condition, this index was significantly higher for ESC seedlings than for VAR
seedlings at the same time. After 6 weeks, this index was still significantly higher for SPO
than STM condition only for VAR seedlings. After 21 weeks, the chlorophyll index was
significantly higher for SPO than STM condition for ESC seedlings. The main tendency is
thereafter that this index was mostly higher for individuals grown under stressful conditions
(SPO) than in the control condition (STM), whatever their origin.

The flavonol index was too low after 3 weeks to lead to any conclusion. Values of
flavonol index increased from 3 weeks of culture to 21 weeks This index was significantly
higher for SPO than STM condition for FRI and VAR seedlings, respectively, after 6 weeks
following the same frame as the chlorophyll index at 3 weeks. After 21 weeks, this index was

higher than before, but no significant differences could be observed any longer between soil
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conditions, whatever the population. The phenol (a global index of phenolic compounds) and
NBI (representing the balance between C and N storage) indices did not significantly differ
between soil conditions, whatever the population and the time of observation.

At the end of the experiments (i.e. after 21 weeks), contents of proline, lipid
peroxidation (TBARS) and total antioxidant capacity (TAOC) were determined in the shoot
and root systems, separately (Fig. 5). Amongst all the monitored parameters, only proline in
root samples and TBARS content significantly varied both in root and shoot samples between
STM and SPO conditions. However, considering each population separately, only proline
content in roots was significantly higher in SPO than STM condition for ESC and VAR
seedlings.

The principal component analysis done with the biochemical and root-traits data for
the three populations and the two soil conditions (Fig. 6) revealed that 46.7% of the variance
for the data was accounted for by the different physiological and morphological traits in two
components. In component 1, the root symbiosis percentages segregated STM from SPO
conditions, and in component 2, N/C balance (NBI index) segregated FRI from VAR

populations since ESC population responses were more diffuse.

Discussion

The results of this study confirmed the capacity of A. tragacantha to germinate and
grow in TMM contaminated soils, in agreement with a previous study (Laffont-Schwob et al.,
2011). In addition, Aftholder et al. (2014) suggest that arbuscular mycorrhizal (AM) fungi
and dark septate endophytes (DSE) associated with the roots of native Rosmarinus officinalis
individuals contribute to their TMM tolerance in the same pollution context in the Calanques
National Park. This hypothesis was also previously suggested for A. tragacantha (Laffont-

Schwob et al., 2011). The results of this study confirmed the important role of root symbionts
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in the TMM tolerance. Rozpadek et al (2014) demonstrated that in Cichorium intybus
subjected to trace metal soil pollution, occurrence of symbiotic fungi in root systems creates a
new redox homeostasis, enabling this species to cope with the deleterious effects of metal

toxicity.

Hypothesis regarding the A. tragacantha nutrient-uptake strategy under polluted
conditions

The common effects of stress induced by soil pollution are reduced growth, leaf
chlorosis and alteration of activity of many key enzymes of metabolic pathways (Singh et al.,
2016). This plant growth reduction is due to disturbance of nutrients and water uptake, and to
secondary stresses such as oxidative stress (Sytar et al., 2013). Arbuscular mycorrhizal (AM)
fungi and dark septate endophytes (DSE) have the capacity of enhancing plant growth and
nutrient uptake in heavy metal polluted soils (Ma et al., 2016a). Regarding shoot height, only
FRI seedlings appeared affected by the pollution. This population originates from an island
near Marseille, and is isolated from any sources of industrial pollution. Surprisingly, VAR
seedlings originating from a non-TMM polluted area appeared not to be affected by the soil
pollution with regard to their growth. In a previous study on the morpho-colorimetric
variability of seeds of A. tragacantha (Grillo et al., 2013), the highest variability was
observed for seeds from Les Goudes, which is a population located near the ESC population,
also known as a highly TMM-contaminated site (Laffont-Schwob et al., 2016). In our work,
we hypothesized that the selection of three disconnected populations i.e. two in the PNCal on
calcareous soils (ESC and FRI), and the third from a more acidic soil (VAR), would provide a
high genetic diversity of responses to TMM exposure. This would mean an occurrence of
potential edaphic types of this pseudo-metallophyte with various levels of TMM tolerance, as

a form of local adaptation, as described by Pauwels et al. (2005). Our results did not enable
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such a distinction with similar biochemical responses. However, TMM tolerance has been
demonstrated in Arabidopsis halleri populations that have not experienced metal exposure
(Pauwels et al., 2006), corroborating that the FRI and VAR populations are as TMM tolerant
as the ESC population. We hypothesized therefore that an important driver for 4. tragacantha
TMM tolerance is the ability of this plant species to be associated with root symbionts, and
corresponds to a nutrient-uptake strategy trait sensu Cornelissen et al. (2003), corresponding
to various adaptations developed by plants to acquire phosphorus and nitrogen. Moreover,
mycorrhizal fungi and dark septate endophytes may provide host plants with access to
nitrogenous and phosphorous reserves via specific transporters (Behie and Bidochka, 2014).
In our study, roots of A. tragacantha seedlings were colonized by AM fungi and DSE,
whatever the population or the soil condition. It has been previously proven that arbuscular
mycorrhizal (AM) fungi and dark septate endophytes (DSE) have the capacity of enhancing
plant growth and nutrient uptake in heavy metal polluted soils, or by conferring plant metal
tolerance (Ma et al., 2016a; Ma et al., 2016b; Kong and Glick, 2017; Becerra-Castro et al.,
2012). Similarly, it can be hypothesized that the occurrence of these associated micro-
organisms plays a key role in A. tragacantha metal tolerance. Comparing the major
parameters monitored, a main driver to distinguish individuals grown in the polluted soil
(SPO) from those grown in the control soil (STM) was the AM colonization (mycelium and
vesicle percentages, cf Fig. 2). Gucwa-Przepiora et al. (2016) demonstrated in Plantago
lanceolata and P. major a high tolerance to metals associated with a well-functioning

mycorrhizal symbiosis observed in phytotoxic soil conditions.

TMM tolerance mechanisms of A. fragacantha
Even if no phenotypical variations are distinguishable, TMM may alter plant

metabolism, inhibiting, for example, phenylalanine ammonia-lyase (PAL), enzymes
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regulating the phenylpropanoid pathway involved in phenolic compounds synthesis such as
flavonols (Krupa et al., 1996). Molecular responses of A4. tragacantha showed a TMM
tolerance of this plant species, involving primary (chlorophylls) and secondary (phenolics)
metabolites. The chlorophyll and flavonol indices were mostly higher (cf Fig. 6) for the
individuals grown under the stressful conditions (SPO) than the control ones (STM).
However, none of the evaluated biomarkers of stress, i.e. proline, lipid peroxidation and
antioxidant defenses, significantly varied in shoot parts comparing SPO and STM for each
population separately. Our results are in agreement with those published by Tapia et al.
(2013), who found higher concentrations of chlorophyll in shoot of Atriplex atacamensis and
Atriplex halimus exposed to arsenic pollution. The same authors also showed no significant
difference in lipid peroxidation between polluted and control soil in A. atacamensis leaves,
and similarly in 4. tragacantha shoots.

The roots of A. tragacantha act as the first contact interface with soil pollution. In
most cases, in contaminated soils, higher proline contents were accumulated by roots in
contaminated soils compared to proline levels accumulated in control soils. Accordingly, the
synthesis of this specific amino acid may be important for defense mechanisms against

oxidative stress induced by TMM occurrence in soil (Sharma and Dietz, 2006).

Potential influence of seed origin on A. fragacantha TMM tolerance

The highest germination rates were obtained for seeds from the ESC population. For
the FRI population, the higher germination rate in the SPO condition appeared to be delayed
compared to the VAR population. The germination rates varied from 43% to 90%. Heavy
metals may alter seed germination (Singh et al., 2016). A delay in germination is also
observed between contaminated and non-contaminated soils for Silene vulgaris (Wierzbicka

and Panufnik, 1998).
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A previous paper concerning the comparison of seed provenances across various
environments showed that the origin of seeds may have a significant impact on the success of
restoration for four plant species i.e. Legousia speculum-veneris, Echium vulgare, Cichorium
intybus and Origanum vulgare (Bischoff et al., 2006). Grillo et al. (2013) indicated that the
geographical isolation of 4. tragacantha populations may be a driver for its high intra-specific
variability. However, our results regarding seed adaptability to TMM in soils could not be
directly connected to genetic variability. Moreover, other authors (Hardion et al., 2016)
suggested that A. tragacantha diversification is connected to the fragmentation of the
populations and not to a coastal-to-mountain ecological shift. Faucon et al. (2011) developed
an interesting concept regarding certain rare pseudo-metallophytes that may colonize recent
anthropogenic habitats due to their high plasticity. These authors suggest that such recently
altered habitats may have a conservation value for these rare pseudo-metallophytes.
Accordingly, we may support the idea that the TMM contaminated littoral soils of the
Calanques National Park , resulting from recent past industrial activities (mid-19™ to early

20™ century), may be a suitable habitat for A. tragacantha reinforcement or reintroduction.

Conclusion

This paper is the first dealing with the ecophysiology of the rare protected plant species
A. tragacantha, leading to a better understanding of its capacity to persist on TMM
contaminated soils in its distribution area. This work consolidates the challenge of A.
tragacantha conservation along the littoral of the Calanques National Park, by increasing the
vegetation cover of the polluted soils to reduce soil erosion and the vegetation establishment
1.e. increasing the number of A. tragacantha individuals. Concomitantly, from the
conservation and phytostabilisation point of view, a map of the soil TMM contamination in

the PNCal could be overlapped with the distribution of the potential habitat of this endangered
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species in order to designate suitable sites for both phytostabilisation and population

reinforcement.
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Table captions

Table 1: Soil trace element concentrations (means + standard errors) of the 4. tragacantha
populations of the three seed origins (n=5), and for the composite soil (n=3) and loam (single
analysis) used for the ex situ experiment. Local background soil composition is given as a

reference.

Figure captions

Fig. 1: Experimental design: The location sources of the soils and seeds are presented on a
map of the south-east of France, with locations in 2 geographical areas, Bouches-du-Rhone
and Var. Soils from the 3 native populations of Astragalus tragacantha i.e. Escalette (ESC),
Frioul (FRI) and Var (VAR), were collected for in situ XRF analysis for trace metals and
metalloids (TMM) concentrations. A polluted soil from the brownfield of Escalette (SPO)
was collected for the ex situ experiment in pots, and analyzed by ICP-AES for TMM
concentrations. For comparison with the polluted soil, a commercial loam (STM) was used
and analyzed by XRF. The experimental design under controlled conditions at the laboratory
included the seeding of seeds of the 3 population origins, either in the polluted soil or in the
loamy soil. Five replicates per condition were done.

Fig. 2: Germination rate after 1 and 3 weeks of culture (A), and shoot height (cm) after 3, 6
and 21 weeks of culture (B) of 4. tragacantha in the contaminated soil (SPO) and the control
(STM), depending on population. Results are expressed as means + standard errors (n = 5).
Means for the same culture time followed by different letters are significantly different at
p<0.05 (Dunn’s test). ESC=Escalette; FRI= Frioul; VAR=Var.

Fig. 3: Root length (cm) (A) and percentage of root colonization (B) by arbuscular
mycorrhizal fungi (AM): mycelium % and vesicle % and dark septate endophytes (DSE) %

after 21 weeks of culture of A. tragacantha in the contaminated soil (SPO) and the control
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(STM), depending on population. Results are expressed as means + standard errors (n = 5).
Means for the same parameter followed by different letters are significantly different at
p<0.05 (Dunn’s test). ESC=Escalette; FRI= Frioul; VAR=Var.

Fig. 4. Chlorophyll index (A), Flavonol index (B), Phenol index (C) and NBI index (D) in
shoot tissues after 3, 6 and 21 weeks of culture of 4. tragacantha in the contaminated soil
(SPO) and the control (STM), depending on population. Results are expressed as mean =+
standard error (n = 5). Means for the same culture time followed by different letters are
significantly different at p<0.05 (Dunn’s test). ESC=Escalette; FRI= Frioul; VAR=Var. The
lowercase letters indicate statistical results for means after 3 weeks; uppercase, after 6 weeks

and, italic, after 21 weeks.

Fig. 5: Stress tolerance biomarkers: Proline (A), TBARS (B) and TAOC( C) after 21 weeks of
culture of 4. tragacantha in the contaminated soil (SPO) and the control (STM), depending
on population. Results expressed as mean + standard error (n = 5). Means for the same culture
time followed by different letters are significantly different at p<0.05 (Dunn’s test).
ESC=Escalette; FRI= Frioul; VAR=Var. Lowercase and uppercase letters indicate statistical
results for means of each biomarker in the shoots and in the roots, respectively.

Fig. 6: Principal component analysis of the phytometabolite and enzyme responses and root
symbiont colonization in Astragalus tragacantha from the 3 populations (ESC, FRI, VAR) in
the polluted (SPO) and control (STM) soils. Number following names indicates the number of
weeks of growth (3, 6 and 21).

ESC: Escalette; FRI: Frioul; VAR: Var; contaminated soil (SPO) and the control (STM);
NBI3, 6, 21: balance N/C after 3, 6 or 21 weeks; Flavonol 3, 6, 21: Flavonol index after 3, 6
or 21 weeks; CHL 3, 6, 21: Chlorophyll index after 3, 6 or 21 weeks; PHENOL3, 6, 21:
Phenol index after 3, 6 or 21 weeks; MDA leaf: lipid peroxidation in leaves at 21 weeks;

MDA root: lipid peroxidation in roots at 21 weeks; AOT leaf: antioxidant in leaves at 21
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weeks; DSE% : percentage of dark septate endophytes; vesicle %: percentage of AM vesicle;

Mycelium %: percentage of AM mycelium.
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Table
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Table 1: Soil trace element concentrations (means =+ standard errors) of the A. tragacantha populations of the three seed origins (n=5) and for the

composite soil (n=3) and loam (single analysis) used for the ex situ experiment. Local background soil composition is given as a reference.

Substrates Trace metal and metalloid concentration (mg/kg)

Pb As Cu /n

Soils from A. tragacantha

populations
Frioul (FRI) 90+37* 21+7* 27+5% 144+51%*
Var (VAR) 54+8% 25+1%* 38+8* 37+2%
Escalette (ESC) 3052+1957* 169+108* 90+£53* 1660+1816*
Local background soil ® 43£17* 4.9+0.7* T7+3* 66+£23*

Soils for the experiment

Escalette composite soil 9253+5540¢  1127+836¢ 32.0£4.9¢ 2698+1677¢
(SPO)
Commercial loam (STM) 49* <LOD* 7* 66*

® data from previous studies (Affholder et al., 2013; Affholder et al. 2014), *XRF analysis, *ICP-AES analysis, <LOD= below level of detection
(LOD by XRF =9 mg.kg-1 for As)
Pb= lead; As=arsenic; Cu=copper; Zn = zinc
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