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Littoral Cote d’Opale, SFR Condorcet FR CNRS 3417, 50, Rue Ferdinand Buisson, 62228

Calais Cedex, France

ABSTRACT

Repeated application of organic fertilizer has unintentionally let to the introduction into
surface water and soils of many phytotoxic substances that compromise agricultural
production and threaten environmental quality. Recent studies using hydroponic systems have
reported that bisphenol A (BPA) affects essential mineral elements contents and root
absorptive function, thereby impacting nutrient content in plant. However, in soils, plants
develop specific traits related to nutrient acquisition strategies. In order to ensure optimized
supply of nutrients, understanding the response of these traits under BPA stress is thus
essential. Here, we therefore, investigated how leaf nutrient contents (P, Ca, K), root

morphology, P- mobilizing exudates and rhizospheric microbiota biomass respond to BPA
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soil contamination using wheat (Triticum aestivum) as plant model. After 7 weeks, root and
leaf traits were not markedly affected by the exposure to BPA at low and high concentrations
(0.1 and 1000 mg. kg™ soil). Significant change on average root diameter and aerial biomass
were only observed at the highest dose. BPA contamination had no influence on nutrients
acquisition traits and root associated microbiota. Specific root length, carboxylates exudation
and P, Ca, K concentrations in leafs were similar irrespective of the treatments. In addition,
total microbial biomass, bacteria and fungi abundance measured by phospholipid fatty acid
analysis did not differ among controls and contaminated soils. In summary, this experiment
suggests a limited influence of BPA contaminated soils on traits involved in nutrient

acquisition in wheat.

Keywords : bisphenol A, functional traits, nutrient acquisition, root exudation, soil

microbiota, wheat

*Address for correspondence: S. Firmin. Institut Polytechnique UnilaSalle. 19 Rue Pierre

Waguet 60000 Beauvais, France. (Email : stephane.firmin@unilasalle.fr)

INTRODUCTION

In recent years, the cumulative use of numerous chemical substances in agriculture, industry,
household and cosmetic products has led to the build-up of emerging contaminants in soils,
surface water , and groundwater with unpredictable consequences for the ecosystems. In
Europe, contaminants of emerging concern refer to natural or synthetic chemicals recently

identified or detected with increased concentration in soils and water which are not framed by
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legislative regulation for environmental monitoring programs (Farré et al. 2008). Emerging
contaminants include pharmaceuticals, cosmetics, personal care products, nutrients, food
additives, pesticides and manufacturing materials for which limited knowledge is available on

their environmental fate and impacts on ecosystems (Naidu et al. 2016).

Bisphenol A [2,2-bis(4-hydroxyphenyl)propane ; BPA] is a typical emerging contaminant
with biological activities posing irreversible adverse effects in wildlife and humans. BPA has
been extensively used since the 1940s for the formulation of plastics, thermal sensitive
papers or raw materials intended to sport, electronic, automotive and medical equipment
(Michatowicz 2014). BPA is one of the world’s highest production volume chemicals with a
worldwide consumption and production exceeding 6 million tons per year (Owczarek et al.
2018). This chemical does not belong to the class of persistent organic pollutant, possesses
short elimination half-lives under aerobic conditions and is easily removed from the
contaminated matrices (Kang et al. 2006). However, BPA is recognized as a major

environmental pollutant and a serious concern for ecosystems protection and human health.

BPA is widespread in oceans, rivers, sediments and soils because of it’s large-scale
employment, the continuous emissions with effluents and the decomposition of plastic wastes
(Im and Loffler 2016; Teuten et al. 2009). Occurrence of BPA residues have been evidenced
in soils at low concentrations and reported at highest levels up to 150 pg/kg on cultivated soils
(Careghini et al. 2015). In addition, agricultural soils, frequently irrigated and fertilized with
treated sewage water and sludge respectively, can accumulate and transfer BPA to vegetation
and food chains and ultimately expose vulnerable populations to this reprotoxic agent with
endocrine disrupting properties (Firmin et al. 2016; Mercogliano and Santonicola 2018;
Staples et al. 2010). Associations between BPA exposure and foetal development, immunity,

metabolism, reproductive functions or it‘s relation with chronic diseases have been mostly



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

explored last decades (Bokony et al. 2018; Flint et al. 2012; Jorg et al. 2009; Shafei et al.

2018).

Toxic effects of BPA have been more recently observed on terrestrial plants such as broad
bean, carrot, wheat, lettuce, tomato, soybean and Arabidopsis Thaliana (Ferrara et al. 2006;
Jiao et al. 2017; Li et al. 2018; Pan et al. 2013; Sun et al. 2013). In these studies generally
mainly carried out in hydroponic conditions, BPA inhibited seed germination, growth and
reproductive development by interfering with mechanisms regulating nitrogen assimilation,
photosynthesis, anti-oxidative defenses or hormone secretion. In some such experiment, plant
roots exhibited characteristics of abnormal development with reduced growth and lower
energy metabolism under exposure to BPA suggesting that the global pollution of agricultural
soils may dramatically alter the mineral nutrition of food crop culture and threaten human

food safety (Xia et al. 2017).

The effects of BPA on plant nutrition cannot be exclusively approached by hydroponic
experiments (Neumann and George 2009). Indeed, soil properties can mediate BPA mobility
and its effect on plant growth (Fent et al. 2003). Moreover, plants have evolved sophisticated
strategies that manifest as functional traits ameliorating nutrient acquisition to cope with
constraining spatial variability and poorly available elements in soil (Faucon et al. 2017).
Traits involved in nutrient acquisition include morphological, physiological and biotic root
traits, i.e. specific root length, exudation of protons and various metabolites as carboxylates
(Li et al. 2014) and beneficial associations with soil microbial communities which promotes
nutrient availability (Campos et al. 2018; Chen and Liao 2017). However, few data are

available about BPA pollution effects on the fate of nutrients in the soil-plant system.

Given the importance of the mineral nutrition in the productivity and sustainability of
agroecosystems, challenge is to understand the influence of BPA on plant functional traits

involved in the nutrient acquisition. For this purpose, the stress response of wheat, an
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economic global cultivated crop model was tested in soils artificially contaminated with BPA.
To determine whether BPA concentration gradients could drive changes of specific above-
and belowground plant traits related to the uptake of nutrients, we examined plant biomass,
morphological root traits, root exudation of major carboxylates involved both in stress
response and in nutrient mobilization, essential nutrient contents in leaves, and soil microbial

biomass using PhosphoL.ipid Fatty Acids (PLFA) analysis techniques.
MATERIALS AND METHODS
Soil properties and contamination

The soil used in the present study was collected in the 10-20 cm depth horizon of cultivated
soil (wheat crop) in the farm of UniLaSalle Institute in Beauvais, France (N 49°28'13.88", E
2°4'0.45") and was classified as a Haplic luvisol (IUSS Working Group WRB, 2015). Soil
properties are presented in Table 1. The soil was sieved through a 5mm stainless mesh and
mixed with river sand (22% ; v:v). Then a sub-sample of soil was spiked with 50 ml solution
of bisphenol A dissolved in acetone. After evaporating acetone overnight at room
temperature, the spiked soil was homogenized and mixed with unspiked soil using a roller
mixer to reach concentrations of 0.1 and 1000 mg BPA . kg™ dry soil. A solvent control soil
was prepared with BPA free acetone solution using similar procedure. The highest
concentration was selected to improve knowledge of the BPA toxic effects on wheat model at
a comparable scale level known to provoke marked phytotoxicity for other plants (Kim et al.
2018; Nie et al. 2015). However, toxicological data obtained at high BPA doses which are
valuable in regulatory hazard and risk assessment purpose, cannot be considered as
representative of the actual environmental situation. A lower dose was also tested, which was
based on the average values found in surveys, allowing us to elucidate relevance of BPA

contamination in agricultural field (Tran et al. 2015).
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Greenhouse experiment and plant cultivation

A greenhouse experiment was conducted from April to May 2018. The plant growth was
conducted in a pot experiment using polypropylene pots filled with 4L of uncontaminated soil
(control), solvent control soil (acetone) or soil contaminated with BPA at 0.1 and 1000 mg.kg
! dry soil. All treatments were performed in four replicates. Pots were sown with 10 wheat
seeds (Triticum aestivum cultivar pakito) and randomly positioned in a greenhouse with
controlled conditions (photoperiod 16h light/8 h dark, light intensity of 10 Watts. m 2,
day/night temperature of 20 °C). Plants were watered three times a week with tap water. Half
of seedlings were removed after one week of exposure. Other seedlings (5 per pot) were
grown and harvested after 6 additional weeks. At the harvest, roots were gently rinsed with
tap water to remove adhering soil and cleaned with adsorbing paper. After collecting root
exudates, root systems were scanned. Roots and shoots were then dried at 65°C for 48h for
the determination of biomass and nutrient concentration. Rhizospheric soil (i.e. only the
adhering soil to 2 mm on roots that is removed by subsequent brushing after bulk soil falling
off when shaking the root system) was sampled for PLFA analysis. Bulk soil sampling was

performed at the beginning and the end of the experiment for BPA analysis.
Plant functional traits

Measurement of plant functional traits representative of plant nutrient acquisition were made
after 7 weeks of cultivation. Three types of functional traits (morphological, physiological,

and biotic characteristics) were assessed on roots, leaves and rhizospheric soil.

Root exudates were collected by incubating 15mL CaCl; solution (0.2mM) for 1h.
Then, 2mL exudate solution was centrifuged (2 min, 10000 g) and 1.5mL supernatant solution
was filtered through a sterile millipore 0.22 um filter. Fifty microliters of filtrate was injected

into an HPLC system (Thermo Fisher, San Jose, CA, USA) equipped with an auto-injector, a
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degasser, a diode array detector. Carboxylates were separated using the method described by
Nobile et al. (2019) on a reverse phase Luna 5um C18 column 250mm x 4 mm (Phenomenex,
Le Pecq, France) at 25°C by using an isocratic mobile phase : KH,PO, 25mM/methanol
(99 :1; v:v) buffered at pH 2.40. Flow rate was set at 1 mL.min™. The UV signal was

recorded at 210 nm.

Root morphological trait measurements were performed according to Garnier et al.
(2013). Shoots and roots of the plant were separated and weighted. Length, average volume
and diameter of root were analysed using a root scanner and WinRHIZO® software (Regent

Instruments Inc., Québec, Qc, Canada).

The concentrations of calcium, potassium and phosphorus in shoot were determined
using elemental mass spectrometry after an acidic digestion in microwave as detailed by
Lange et al. (2016). Briefly, 0.2 g of dry leaf was ground and mixed with 8 mL concentrated
HNO; and 2 mL concentrated HCI. The mixture was introduced in a microwave Teflon vessel
and heated to 185 °C for 1h. After cooling, the digested solution was filtered through
Wathman paper, then diluted to 30 g with ultrapure water and injected into the ICP-MS
system (Thermo Scientific XSERIES?2). Quality control was performed using the SRM1573a

CRM (tomato leaves).

After removing plant debris from soil samples, 3 g of freeze-dried soil (from each soil
sample) were analyzed to measure the PLFA content. Lipid extraction was performed
according to Frostegard et al. (1991) . The extracted lipids were fractionated into neutral
lipids, glycolipids and polar lipids on a silica acid column by successively eluting with
chloroform, acetone and methanol neutral lipids and phospholipids were subjected to a trans-
esterification using a base solution (KOH (0.2 M) prepared in methanol) to transform the
PLFA and the Neutral Lipid Fatty Acids (NLFA) into free fatty acid methyl esters. Final

extracts were analyzed with the use of a PerkinEImer Autosystem gas chromatograph (GC)
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equipped with a flame-ionization detector (Norwalk, CT) and an EC-1000 (Alltech) capillary
column (30 m _ 0.53 mm i.d.) with hydrogen as carrier gas (3.6 mL min™). Fatty acid
quantification was made by using nonadecanoic acid methyl ester (C19:0) as an internal
standard. Their identification relied on the retention times of a wide range of standards (fatty
acid methyl ester mixtures C4-C24:1, Sigma— Aldrich) and mass analysis. The
characterization of FA was performed by Fast GC-MS on a Shimadzu 2010 Plus system
equipped with a Shimadzu QP 2010 Ultra mass spectrometer detector. The separation was
performed on a Zebron ZB-WAX capillary column (10 m _ 0.1 mm i.d., 0.1 mm film
thickness, Phenomenex). The system was operated in the constant linear velocity (70 cm s_1)
using helium as a carrier gas. Fatty acids were identified by comparing their mass spectra with
the standard mass spectra in the NIST MS library. The amounts of the PLFA 16:1v5 and the
NLFA 16:1v5 in the soil of the different experimental plots were determined and used as
indicators of the AMF biomass. The PLFA 18:2v6,9 was used as an indicator of saprophytic
fungi biomass (Frostegard et al. 1991). Gram-positive (GP) bacteria biomass was estimated
by the quantification of the PLFA: i15:0, al15:0, i16:0, i17:0, al7:0 amounts and Gram-
negative (GN) bacteria biomass by the quantification of the PLFA: cyl17:0, C18:1v7 and

cy19:0 amounts in the soil.
BPA dissipation analysis

BPA dissipation in soil was studied according to the HPLC method adapted from Matsumura
et al. (2015). Briefly, each frozen soil sample was dried 4 h at 50°C then 500 mg of the dried
soil was mixed with 600ul of ethylacetate in a 2mL polypropylene centrifuge tube. After 10
min shaking, the mixture was centrifuged (30s, 9000g) and 300ul of the supernatant was
recovered. The extraction step was repeated by three successive washing with 300ul of
ethylacetate. The combined supernatants were dried overnigth in the dark at room

temperature. The extracts were reconstituted in 500ul acetonitrile-water (60:40) and 50ul
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were injected into the HPLC system described above. Separation and quantification of BPA in
the standards and sample extracts was achieved using a mobile phase consisting of
acetonitrile/water/acetic acid (40:59 :1, v/v) with a flow rate of 1 mL min—1. The column
temperature and UV signal were set at 25 °C and 230 nm, respectively. The standard

calibration curve exhibited linearity in the range 0.025-100 mg. L™ BPA (r > 0.998).

5. Statistical analysis

Data were analysed by Kruskall-Wallis test and pairwise comparison using IBM SPSS
statistics 25.0 software. Differences between the treatments were declared significant at the p-

value of 0.05 (p <0.05).

RESULTS
Leaf biomass and mineral content

Leaves did not share visible symptoms of BPA induced stress over the experimental period.
However, the dry plant weight differed among treatment groups after 7 weeks of cultivation
(figure 1). The dry shoot weight significantly decreased by 40 % at 1000 mg.kg™® BPA
compared to the controls while shoot biomass production was not affected at 0.1mg .kg™
BPA. In contrast, soil contamination had no effect on the leaf mineral composition. For all

treatments, leaf P, Ca, K concentrations exhibited similar values (table 3).

Root morphology, biomass and carboxylate exudates
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Root diameter increased by 38% at 1000 mg.kg™® BPA compared to the control (table 2),
while no change was observed in the group that received low BPA dose. For all the
conditions, roots displayed similar values of length, volume, specific root length (SRL) (table
2) and dry weight biomass (figure 1). BPA addition in the soil had no significant effect on
carboxylates exudation pattern (figure 2). The main carboxylates released were a
combination of malate (up to 2.3 nmol.g™), malonate (up to 2.7 nmol.g™) and citrate (up to
1.5 nmol.g™) while fumarate was less abundant (up to 0.4 nmol.g™). Malate, citrate, malonate,
fumarate production were comparable among treatment groups and the sum of carboxylates

accounted for up to 6.6 nmol.g™.

Soil PLFA analysis

The composition and contents of microbial PLFA were similar in rhizosphere of plants grown
in contaminated soil and uncontaminated soil (table 4). Total amount of microbial PLFA
ranged in average from 2.78 to 4.82 pug.g™ dry roots. The predominant compounds were GN
bacteria and AM biomasses indicators. GP bacteria, saprotrophic and ectomycorrhyzal fungi
PLFA were also detected in soil and represented less than 12 % of the total amount. There
was a tendency for PLFA contents specific to all microbial functional groups investigated and
their cumulative sum to reduce at 1000 mg.kg™ BPA (P <0.1). In soil sample treated with 0,1
mg.kg™ BPA, the amount of PLFA markers of the bacterial and fungal community were not
significantly different from controls. The ratio of GN:GP bacteria and the ratio of bacterial to

fungi varied from 1.2 to 2.5 and were unaffected by soil treatments.

BPA soil analysis
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BPA contamination was not detectable in control and soils spiked at 0.1 mg.kg™ with our
analytical method (data not shown). BPA was nearly totally removed from soil spiked at
1000 mg.kg™ after 7 weeks of culture as its final concentration decreased by 90% compared

with its initial concentration, indicating an estimated half-life of 15 days (figure 3).

DISCUSSION

Effects of BPA on plant nutrition were mainly studied using hydroponic approaches so far.
However, in soils, plants behave differently than in hydroponic condition. Optimisation of
resource acquisition via anatomical root changes, exudation and contribution of telluric
microorganisms may reverse the negative effects of BPA stress on nutrient uptake and
vegetative growth and enhance plant tolerance for survival in contaminated soil. Therefore
this study was conducted to explore how these key functional traits involved in nutrient

acquisition respond to BPA contaminated soil and affect plant functioning.

Effects of BPA addition on root morphological and leaf traits

Root functional traits which are highly variable, provide a protective response to contaminants
in soils allowing to highlight their ecotoxicity. This response can be manifested by
morphological and architectural remodelling of the root systems dependent to plant species,
the nature of the contaminant and the exposure conditions (Potters et al. 2009). For wheat,
reduction of the principal roots has been documented in plants exposed to toxic elements or
organic chemicals (Lamhamdi et al. 2011; Qu et al. 2010). In our study, no evidence of BPA
effects was observed on roots functional traits response at environmentally relevant
concentration (figure 1, table 2). In the same way, BPA did not exert influence on root

biomass and length at high dose. Root traits response to soil contamination was only
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observed by changes in root diameter at 1000 mg.kg™. This observation could be explained
by changes in cortical cell number and size/width of stele diameter due to BPA induced stress
hormones production, reactive oxygen species generation, cell wall and organelles damages as
revealed by others studies (Wang et al. 2015; Xiao et al. 2019). This plasticity of cortical and
stelar tissue was mainly evidenced in plants limiting the surface contact with metallic
pollutant of the soil (Sofo et al. 2017). In our experiment, morphological root traits did no
play a role of protective barrier against BPA penetration as roots length and volume were not
reduced significantly with diameter increase. We postulated that changes in root morphology
may have been beneficial to the transfer of BPA contaminant in above ground biomass of
wheat. Indeed, several studies have reported the presence of high amounts of BPA in shoot of
wheat, tomato and lettuce seedlings following root or foliar exposure (Lu et al. 2015; Wang et
al. 2018). Once absorbed by root systems, this organic compound does not accumulate in root
cells but rather distributes to stem and leaves of the plants and exerts toxic effects on
chlorophyll synthesis, photosynthetic activity of chloroplast and stomatal guard cells (Ali et
al. 2017; Jiao et al. 2017; Qiu et al. 2013). In the current study, no effects were shown in leaf
traits of plants exposed to the environmental dose (figure 1, table 3). Unlike root, shoot
growth was severely inhibited by the soil contamination at 1000 mg.kg™ BPA. Our findings
are in agreement with several studies which reported that BPA disturbs the shoot development
of various species including wheat with reduction of leaf biomass, area or anatomy
abnormalities (Ali et al. 2016; Frejd et al. 2016; Staples et al. 2010). Exposure to BPA was
also reported to reduce shoot growth more than root growth for Vigna radiata in another
experiment using artificially contaminated soil (Kim et al. 2018). Root systems were not
altered at BPA exposure below 1000 mg.kg™ while the threshold level of toxicity for shoot
was evidenced for 500 mg.kg™ BPA. Based on the current data, it is difficult to solely ascribe

the reduction of shoot biomass to deleterious events on chloroplastic cells in shoot of plant
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grown in the presence of 1000 mg.kg™ BPA. Perturbation of nutrients acquisition of the roots
is another determining factor that could be influenced by BPA to promote inhibition of leave
growth. Indeed, previous studies have already pointed the better maintenance of root growth
than shoot in wheat experiencing mineral starvation (Shen et al. 2018). Nutrient exchanges in
developing plant result from a complex coordination between leaves and roots metabolisms.
Shoots produce metabolites, mainly carbohydrates, which are transferred and oxidized by
respiratory enzymes of the roots to sustain energy demand of the cell growth, active transport
of soluble elements or release of exudates at the soil/root interface (Jones 1998). Changes in
roots activity, by controlling the absorption and translocation of nutrients, including elements
necessary for the chlorophyll synthesis and photosynthesis, can have negative impact on the

vegetative growth.

To understand whether defects of nutrient supply could explain shoot biomass reduction in the
1000 mg.kg™ BPA treatment, the concentrations of P and others major nutrients necessary for
cell growth (Ca, K) were analysed. The treatment effects on leaf P, Ca, and K contents were
not significant (table 3), suggesting that absorption function was not impaired in plant grown
on environmentally contaminated soil.  Moreover, nutrient uptake by roots in our
experimental conditions seems less sensitive to BPA exposure than in artificial hydroponic
culture showing reduced roots activity, respiration enzymes, absorption of mineral elements
(P, K, Mg, Mn, and Zn) in soybean seedlings treated above 3mg L™ BPA (Xia et al. 2017).
These discrepancies might result from morphological and physiological strategies developed
by plants in solid matrices in interaction with soil microbiome to efficiently take up nutrients.
Previous observations of root systems under abiotic stress have revealed that the effects of
roots architecture on nutrients absorption are significant in soil but not in hydroponic

solutions (Aibara and Miwa 2014) while other findings pointed the importance of root
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diameter changes in adaptive response of plants to fluctuations of nutrients availability in

soils (Strock et al. 2018).

Effects of BPA addition on plant-microbiome interactions

Plant—microbiome interactions are mainly explained by a range of plant-derived exudates,
microbe—microbe interactions that could be enhanced in BPA contaminated soil to promote
nutrient acquisition by the root. Plant-microbiome interactions are determined at distance by
carbon assimilation capacity of the developing leaves. Keiluweit et al. (2015) have estimated
that up to 40-60% of photosynthetically fixed carbon in shoots is allocated to the roots and
microorganisms of the rhizosphere via border cells, tissue, mucilage, and the release of
sugars, amino acids, phenolic compounds and carboxylates. Secretion of organic acids in the
rhizosphere soil can have direct and strong involvement on chelation, dissolution, desorption
of ionized elements and communication with beneficial microorganisms contributing to plant
nutrition (Zhang et al. 2013). Because plants which increased root/shoot ratio, direct higher
carbohydrates amounts from shoots to roots (Hermans et al. 2006), BPA-induced shoot
biomass reduction was expected to influence soil microbial communities and carboxylate
exudates that can optimize nutrient access to the roots. However, no effect on organic acids
composition and release was observed at both high and low doses in our study. Malate,
malonate, citrate and fumarate were detected in all wheat root exudates (figure 2) as generally
reported in previous environmental studies carried out with wheat species (Lyu et al. 2016;
Pearse et al. 2007; Vancura 1964). Low production rates of exudate were consistent with
other findings indicating that wheat release slow and largely constitutive carboxylates
amounts which do not always play a determinant role in improving nutrient mobility (Pearse
et al. 2005; Wang 2019). It has also been reported that the proportion of malate and citrate
exuded in wheat were dependent on nutrient shoot status and were not systematically affected

by fluctuating nutrients availability in the soil (Pang et al. 2018; Shen et al. 2018; Wang
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2019). Nevertheless, the unresponsiveness of carboxylates to BPA exposure in our
experimental conditions cannot be interpreted as a lack of effect on plant exudation and
nutrients acquisition efficiency. Syranidou et al (2017) detected a variation of carboxylates
exudates of Junctus Acutus soil leachates 2 hours after incubation with BPA. Formic acid was
the only carboxylate affected by BPA addition. In our situation, exudates were not collected
within similar short term period. Moreover, we did not investigated all substances exuded
with selected carboxylates that could be influenced by BPA exposure to drive changes in
structure and diversity of microbial communities. In this line, previous researches have
proved that BPA used as carbon source can cause direct effects on abundance, structural
composition and enzymatic activities of bacteria communities of waste water treatment plant
sludge and sediments (Huang et al. 2017; Li et al. 2019). BPA in contaminated soil could
exert a selective pressure on microbial population at the interface of the root system to
optimize acquisition of nutrients but this effect has not received much attention in the
literature. Among, microorganisms living in the plant rhizosphere, plant growth promoting
rhizobacteria, saprotrophic, ectomycorrhizal and AM fungi play an important role in nutrients

capture from the soil and plant development (Bardgett et al. 2014; Wang et al. 2017).

In our study, the quantification of microbial biomass of the control and contaminated
rhizosphere using PLFA analyses revealed the domination of GN bacteria and AM biomass
in agreement with the literature (Field et al. 2019; Zhang et al. 2019) (table 4). The
introduction of BPA in soil did not cause a pronounced disruption of microbial biomass at the
end of the experimental period. Environmental exposure to BPA did not caused any damage
to soil PLFA. A global trend of reducing bacteria and fungal PLFA concentrations was only
observed when high dose was applied. Our findings were in line with earlier results showing
that microorganisms were tolerant to low BPA concentration in sediment but could not

survive and proliferate when exposed to high loading (Matsumura et al. 2015). The soil
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contamination at both environmental and toxic concentrations failed to change bacterial to
fungi ratio and GN:GP bacteria ratio. Comparable general observation was made in
bioreactors by Pilna et al (2019), reporting no differences of PLFA ratios of GN:GP, fungi
and bacteria in BPA contaminated sewage sludge. Some previous studies have also shown
that microbial inhibition or promotion were dependent to the initial concentration of BPA
added and the duration of the experiment (Li et al. 2019; Wei et al. 2019). In other reports,
none persistent effects on microorganisms growth were evidenced following introduction of
antibiotics, organic chemicals or inoculation of living bacteria (Liu et al. 2016; Magdalena et
al. 2019). In these disturbed soils where strong effects on microbial biomass accompanied
shift from bacterial to fungi, difference in PLFA markers of the first days reduced gradually to
be not significant after several weeks of incubation. A similar situation, which implies that
microbial population was temporary affected at the beginning of the experiment, could have
occurred despite that no long-term effects were reported by our PLFA analyses in soil after 7
weeks of cultivation. The catabolic activity of microorganisms degrading BPA is another
important factor responsible to the changes of microbial equilibrium in BPA contaminated
soil (Zhao et al. 2015). BPA is generally prone to a rapid decomposition and utilization in soil
from many bacterial and fungal strains producing ligninolytic enzymes able to catalyse
oxidation of aromatic compounds (Prieto 2016; Zhang et al. 2013). The presented PLFA
results do not rule out an active participation of such microorganisms to the removal of BPA
in soil within the experimental period. In our study, an important dissipation of BPA in soil
was confirmed with HPLC analysis by comparing soil collected prior and at the end of the
experiment (figure 3). This result, consistent with published values (Tran et al. 2015; Yu et al.
2013), suggests that BPA weakly bound to soil particle, was bioavailable to microorganisms

and plant. While further experiments are required to identify biodegradation processes of BPA
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in soil, their mobilization did not influence plant-microbiome interactions mediating nutrient

availability.

CONCLUSION

Our work demonstrates that plant trait responses to BPA exposure dose-dependent. While no
influence on plant functional traits was found with BPA at environmental concentration,
remodelling of morphological traits was the main strategy used by wheat plants to ensure
nutrient acquisition in response to increasing BPA dose. Plant maintain optimum P, Ca, and K
contents in shoot by favouring root growth rather than shoot growth and by producing more
large roots under high BPA concentration. Root carboxylate exudation and microbial structure
of the rhizosphere did not take part to BPA-induced stress adaptation.

This first attempt to identify long-term effects of environmentally relevant BPA soil
contamination did not focus on early events that may transiently occur during developmental
stages of the plant. Therefore, the traits response of plant under BPA stress need to be
confirmed by extending experiments to more impoverished soil, i.e. more nutrient deficient as
for the P in which carboxylate exudation and root-microbial interactions will probably be
more important to cover nutritional requirements of the plant. A better understanding of
processes that control nutrient uptake through an accurate determination of functional traits
provide a benefit approach to successfully assess environmental risk of BPA and others

emerging contaminants under field conditions.

TABLES & FIGURES

Table 1 : Characterization of the soil
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Figure 1: Root, shoot and total plant dry weights (g) of wheat grown on the soil, in the
absence and in the presence of 0,1 or 1000 mg BPA /kg of dry soil. The values are expressed

as Mean = SEM; N=20.

Table 2 : Root morphological traits of wheat grown on the soil in the absence and in the

presence of 0,1 or 1000 mg BPA /kg of dry soil. The values are expressed as Mean + SEM;

N=3.
Control Acetone 0,1mg BPA / kg 1000 mg BPA / kg
without acetone
Length (cm) 507,6 + 110,5 a 672,2 + 182,6 a 806,8 + 89,1 a 606,6 + 158,0 a
Diameter (mm) 0,28 + 0,03 a 0,25 + 0,02 a 0,26 + 0,01 a 036+ 0,02b
Volume (cm3) 0,25+ 0,02 a 0,28 + 0,04 a 0,44 + 0,03 a 0,66 + 0,22 a
Specific root lenght (cm.g'l) 4291 + 1792 a 7737 £+ 1838 a 7108 + 1038 a 7041 + 1326 a

Table 3 : Mineral composition (mg / g of dry matter) of wheat shoots grown on the soil in the
absence and in the presence of 0,1 or 1000 mg BPA /kg of dry soil. The values are expressed

as Mean + SEM; N=3.

Control Acetone 0,1mg BPA / kg 1000 mg BPA / kg
without acetone

Phosphorus 23+ 03 a 30+ 04 a 2,1+ 03 a 29+ 05 a
Potassium 42,7 £+ 40 a 51,2 + 5,2 a 39,4 + 4,0 a 445 + 6,2 a
Calcium 11,3 + 0,8 a 12,7 + 1,1 a 10,1 + 1,1 a 12,4 + 0,7 a
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Figure 2 : Root exudate composition in carboxylates of plants wheat grown on the soil in

theabsence and in the presence of 0,1 or 1000 mg BPA /kg of dry soil. The values are

expressed as Mean £ SEM; N=12.

Table 4 : Bacterial and fungal biomass estimated by PLFA (ug /g dry roots) analysis in the

soil in the absence and in the presence of 0,1 or 1000 mg BPA /kg of dry soil. The values are

expressed as Mean £ SEM; N=3.

Bacterial Fungi Bacterial:Fungi  Total
Treatments Gram Negative Gram Positive GN:GP Arbuscular Mycorrhiza ~ Saprotrophic+EctoMycorrhiza AM+S +EM

(GN) (GP) (AM) (S+EM)
Control without acetone 0,43 + 0,10 a 0,24 + 0,13 a 2,35 + 0,06 a,b 1,31 £ 0,08 a,b 0,63 + 0,05 a 1,94 + 0,04 a 1,20 £ 0,05 a 4,27 + 0,19 a,b
acetone 0,38 £0,06 a 0,23 £ 0,10 a 2,50 £0,10 a 1,46 £ 0,07 a,b 0,48 = 0,03 a,b 1,94 £ 0,10 a 1,27 £ 0,07 a 4,40 £ 0,17 a,b
0,1 mg BPA/ kg 0,42 +0,07 a 0,22 + 0,11 a 2,50 + 0,30 a,b 1,53 £0,02 a 0,45 + 0,04 a,b 198 + 0,04 a 152 £ 0,07 a 4,82 + 0,35 a
1000 mg BPA / kg 0,24 +0,03 a 0,14 + 0,05 a 1,57 £ 0,03 b 0,94 £0,04 b 0,21 + 0,02 b 1,16 + 0,07 a 1,36 £ 0,07 a 272+ 0,01b
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Figure 3: Concentration of BPA just before and 7 weeks after wheat seeding in spiked soil

at 1000 mg BPA /kg. The values are expressed as Mean £ ET ; N=3.
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