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Abstract

Soil contamination with toxic metalloids, such as arsenic, can represent a substantial

human health and environmental risk. Some plants are thought to tolerate soil toxic-

ity using root exudation, however, the nature of this response to arsenic remains

largely unknown. Here, white lupin plants were exposed to arsenic in a semi-

hydroponic system and their exudates were profiled using untargeted liquid

chromatography-tandem mass spectrometry. Arsenic concentrations up to 1 ppm

were tolerated and led to the accumulation of 12.9 μg As g�1 dry weight (DW) and

411 μg As g�1 DW in above-ground and belowground tissues, respectively. From

193 exuded metabolites, 34 were significantly differentially abundant due to 1 ppm

arsenic, including depletion of glutathione disulphide and enrichment of

phytochelatins and coumarins. Significant enrichment of phytochelatins in exudates

of arsenic-treated plants was further confirmed using exudate sampling with strict

root exclusion. The chemical tolerance toolkit in white lupin included nutrient acqui-

sition metabolites as well as phytochelatins, the major intracellular metal-binding

detoxification oligopeptides which have not been previously reported as having an

extracellular role. These findings highlight the value of untargeted metabolite profil-

ing approaches to reveal the unexpected and inform strategies to mitigate anthropo-

genic pollution in soils around the world.
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1 | INTRODUCTION

High arsenic concentrations can be naturally present in soil and

groundwater but are also generated from anthropogenic industrial

and agricultural activities (Han et al., 2003; Matschullat, 2000), which

can damage the environment and cause risk to human health

(Naujokas et al., 2013). In Canada, more than 7,000 arsenic and other

metal(loid)-contaminated sites are listed as highly concerning by the

Canadian government (Federal Contaminated Sites Inventory, 2019;

First Priority Substances List, 1988), but remediation is often ham-

pered due to the high economic cost of conventional methods involv-

ing soil removal and burial. Some plants have evolved efficient arsenic

tolerance mechanisms allowing them to colonize soils that are natu-

rally high in arsenic concentrations (Meharg & Hartley-

Whitaker, 2002), including translocation and accumulation into aerial

biomass, as well as stabilization of arsenic in roots and soils (Raab

et al., 2007). One way in which arsenic-contaminated soils could be

rejuvenated is to exploit these natural plant mechanisms for
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phytoremediation, the in-situ rehabilitation of soils by arsenic extrac-

tion or phytostabilization, as a sustainable alternative to more conven-

tional remediation strategies (Pilon-Smits, 2005).

In aerobic soils, arsenic primarily occurs as the arsenate

As(V) oxyanion (AsO4
3�) which is an analogue of the phosphate

oxyanion (PO4
3�) and can be taken up by roots through phosphate

transporters (Asher & Reay, 1979; Ullrich-Eberius et al., 1989). Once

inside root cells, over 90% of As(V) can be reduced to As(III) by endog-

enous arsenate reductases (Chao et al., 2014; Dhankher et al., 2006).

In anaerobic soils, arsenic primarily occurs as arsenite As(III), and can

directly enter roots through aquaporins (Ma et al., 2008). Within root

cells, As(III) can be translocated to other organs (Wang et al., 2018),

extruded back into the soil (Xu et al., 2007; Zhao, Ago, et al., 2010), or

form complexes with thiol (-SH) groups of oligopeptides, such as glu-

tathione (γ-glutamate-cysteine-glycine: GSH) and phytochelatins

([γ-glutamate-cysteine]n-glycine: PCn), which can then be loaded into

the vacuoles via ABC-type transporters (Li et al., 2016; Mishra

et al., 2017; Raab et al., 2004; Schmöger et al., 2000; Song

et al., 2014). As(III)-thiol complexation and compartmentalization in

the vacuoles are considered as the main mechanisms for arsenic

detoxification and stabilization in the roots of non-hyperaccumulating

plant species (Zhao et al., 2009). Efflux of As(III) back into the soil is

known to occur rapidly in A. thaliana and other non-

hyperaccumulating species; while there is evidence that aquaporins

play a partial role, explaining up to 20% of As(III) efflux (Zhao, Ago,

et al., 2010), the major mechanisms explaining As(III) efflux in non-

hyperaccumulators remain to be elucidated (Li et al., 2016; Zhao,

McGrath, et al., 2010).

Interactions within the rhizosphere (the plant–soil interface) may

also influence the fate of arsenic in contaminated soil as the bioavail-

ability of metal(loid)s in soils can be strongly altered by plants

(Dessureault-Rompré et al., 2008; Fresno et al., 2016; Fresno

et al., 2017; Martínez-Alcalá et al., 2010). Plant influence on biochem-

istry within the rhizosphere is thought to be driven mainly through

root exudation, which underlies important processes of nutrient

acquisition and may also influence arsenic bioavailability (Fitz &

Wenzel, 2002). However, despite the growing interest in understand-

ing these mechanisms, relatively few studies have explored the inter-

actions between root exudates and arsenic, partly due to the

challenges in characterizing complex chemical mixtures within the rhi-

zosphere (Oburger & Jones, 2018).

Root exudates are mainly composed of low molecular weight

compounds such as carbohydrates, amino acids, phenolics, saponins,

fatty acids and organic acids (OA) such as oxalate, malate and citrate,

as well as other diverse and largely uncharacterized plant secondary

metabolites (Strehmel et al., 2014; Tsuno et al., 2018; van Dam &

Bouwmeester, 2016), which are known to collectively influence nutri-

ent acquisition and interactions with microbes in the rhizosphere

(Badri & Vivanco, 2009; Dakora & Phillips, 2002). OA exudates can

alter the phosphate (P) soil bioavailability through ligand exchange,

particularly in P-efficient crops such as white lupin (Dinkelaker

et al., 1989; Neumann & Römheld, 1999; Wen et al., 2019). Phenolics

such as flavonoids and coumarins are thought to help plants acquire

Fe through Fe(III) oxides reduction and complexation mechanisms

(Cesco et al., 2010; Chen et al., 2017; Schmid et al., 2014). Studies

have suggested that the recruitment and establishment of plant bene-

ficial microorganisms is mediated by root exudates, such as genistein,

an isoflavonoid involved in the symbiotic association of legumes and

nitrogen-fixing bacteria (Kosslak et al., 1987; Liu & Murray, 2016;

Schmidt, 1994). Similarly, saponins could help shape complex rhizo-

sphere microbial communities and provide protection from pathogens

and competing plants (Fujimatsu et al., 2020; Nakayasu et al., 2021;

Oleszek & Jurzysta, 1987; Tsuno et al., 2018).

Despite the diversity of exuded compounds, only OAs are known

to directly neutralize contaminants in the rhizosphere (Chen

et al., 2017; Kochian, 1995; Lin & Aarts, 2012). Exuded OAs, such as

oxalate, malate, citrate and nicotianamine can potentially form stable

and non-phytotoxic complexes with metal(loid)s, and have been asso-

ciated with tolerance to aluminium in Phaseolus vulgaris (Miyasaka

et al., 1991; Ryan, 2001), cadmium in Solanum lycopersicum (Zhu

et al., 2011) and zinc in Arabidopsis halleri (Tsednee et al., 2014). For

arsenic, research has focussed on the arsenic hyperaccumulator Pteris

vittata (Ma et al., 2001), which uses OA exudation to indirectly solubi-

lize arsenic from As minerals and increase arsenic uptake (Das

et al., 2017; Liu et al., 2017; Tu et al., 2004; Wu et al., 2018). How-

ever, less is known of root exudate adaptations to arsenic in non-

hyperaccumulating species. For instance, some species of ferns and

trees show a reduction in exuded OAs, amino acids and carbohydrates

in the presence of arsenic (Johansson et al., 2008; Tu et al., 2004),

while others have increased OA exudation (Mei et al., 2021). The

extent and variation of root exudation in response to arsenic has yet

to be examined in detail and plant species beyond Pteris vittata may

possess unknown exudation mechanisms in response to arsenic.

To address this, the leguminous crop Lupinus albus (white lupin),

with high tolerance to arsenic, high phosphate acquisition efficiency

as well as extensive root exudation of organic acids and phenolics

(Lambers et al., 2013; Vázquez et al., 2009; Weisskopf, Tomasi,

et al., 2006) was subjected to a range of As(III) and

As(V) concentrations within a controlled growth environment

designed to capture exudates. Untargeted metabolite profiling was

then used to elucidate the exudation response to successfully toler-

ated levels of arsenic.

2 | METHODS

2.1 | Experimental design, plant growth and
arsenic quantification

White lupin seeds (Lupinus albus L. cv. AMIGA) were surface sterilize

in consecutive baths of 70% ethanol, 1% sodium hypochlorite and

sterile Milli-Q water. Seeds were germinated on sterile moist filter

paper and seedlings were transferred to 7.6 � 15.2 cm 25 μm nylon

mesh growth pouches containing 700 ml of washed and autoclaved

silica sand as a growth medium (Figure 1). Plants were supplied twice

a week with 65 ml Hoagland nutrient solution (1,600 μM N,
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200 μM P, 605 μM K, 400 μM Ca, 100.2 μM S, 100 μM Mg, 5 μM Cl,

2.5 μM B, 0.2 μM Mn, 0.2 μM Zn, 0.05 μM Cu, 0.05 μM Mo, 4.5 μM

Fe) prepared with Milli-Q water and adjusted to pH 6 with sodium

hydroxide 10%, when leachate was also collected beneath each

growth pouch. Growth chamber conditions were LED lighting with

photosynthetic light density of 150 μmol m�2 s�1, a light/dark period

of 18/6 h, temperature of 24.4 ± 0.2 / 22.5 ± 0.1�C, and 71.3 ± 2 /

76.3 ± 2% relative humidity.

After 21 days of growth, plants were either left as controls or

exposed to one of five concentrations of either arsenite As(III), or

arsenate As(V) added as sodium (meta)arsenite NaAsO2 or sodium

heptahydrate arsenate Na2HAsO4�7H2O. Treatments were applied

five times at 2–3-day intervals until plants were harvested after

35 days of growth. Arsenic (element) concentrations were: 0 mg L�1

(control), 0.05 mg L�1 (0.7 μM), 0.1 mg L�1 (1.3 μM), 0.5 mg L�1

(6.7 μM), 1 mg L�1 (13.3 μM) and 5 mg L�1 (66.7 μM) and were pre-

pared in Hoagland nutrient solution. A randomized block design was

used with five replicate plants for each dose and each arsenic form

(5 blocks, 60 plants in total). Unplanted controls were also included

with the same treatments.

Signs of canopy toxicity and transpiration were monitored during

growth, while root morphology, biomass production and arsenic con-

centrations were measured at harvest. Transpiration per plant

(mL day�1) was estimated as the difference of water loss in planted

and unplanted control pots by day (Gu et al., 1996). Shoots and roots

were separated, roots were scanned (Epson, V750 PRO) and the

images were processed with WinRHIZO (Regent Instruments Inc.,

Pornaro et al. 2017) for root surface area (RSA) measurements. Shoots

and roots were then oven-dried at 105�C for 48 h and weighed. For

total As quantification, dried shoots and roots, as well as reference

material (NIST #1573a tomato leaf, for quality control), were ground

and digested in nitric acid using a block digester for 6 h at 120�C and

analysed by ICP-MS, following the methods described in Courchesne

et al. (2017).

2.2 | Root exudate collection

Root exudate collection was performed based on Pearse et al. (2007),

Ryan et al. (2012) and Wen et al. (2019), with minor modifications.

Briefly, the nylon mesh growth pouches were cut open and loose sand

was carefully removed from root systems to leave the attached

rhizosheath. Root systems with the rhizosheath were then soaked in

40 mL Milli-Q water for 1 min with gentle circular shaking to capture

exudates (Figure 1). Despite care taken to minimize root damage, the

possibility that some exudates may originate from cellular damage

cannot be excluded. Unplanted controls were extracted in the same

conditions, by soaking approximately 20 g of sand collected from each

unplanted pot, replicating a similar amount of sand extracted from

rhizosheaths. The trap solutions were then lyophilized and stored at

F IGURE 1 Root exudates analysis pipeline. Schematic view of an experimental block where each plant is excavated from the nylon pouch
and the root system, with the rhizosheath containing root exudates, is dipped in water for 1 min to collect exudates. The trap solution is then
freeze-dried to concentrate the analytes before LC–MS/MS analysis. Annotation steps include compound structure and class prediction using
SIRIUS (Dührkop et al., 2019) and Feature-Based Molecular Networking in the GNPS environment (Nothias et al., 2020). Compound abundance
(peak area) of plants treated with arsenic were compared to control plants to identify enriched and depleted exudates due to arsenic treatment
[Colour figure can be viewed at wileyonlinelibrary.com]
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�70�C. All lyophilized extracts were resuspended in 800 μL of Milli-Q

water and filtered with 0.2 μm centrifuge filters prior to exudate pro-

filing (InnoSep Spin, NY).

Validation of phytochelatin exudation used isolated exudates

from belowground fractions to discount direct leaching from damaged

root cells to the trap solution. The same experimental conditions were

replicated but plants were only subjected to either 0.5 ppm arsenate

or left as controls. Four different exudate sampling approaches were

used: (1) standard rhizosphere extraction (RE) performed as described

above, (2) rhizosheath (RS) extraction, (3) bulk soil (BS) extraction and

(4) root exclusion (RX) extraction. The RS was isolated by careful col-

lection of the sand attached to the root surface with a soft brush. BS

comprised sand that was not attached to the root surface and was

easily separated from the root system. RX samples, designed to

strictly exclude root fragments, were collected using five heat-sealed

2.5 � 6 cm 25 μm nylon mesh pockets which were filled with sand

and included in growth pouches before planting. At harvest, the nylon

pockets were cut open and sand free from direct contact with roots,

was collected. RS and RX sampling used 10 plants each, while the

same 10 plants were used for RE and BS (30 plants in total). All sam-

ples were then extracted for root exuded metabolite profiling as

described above.

2.3 | Low molecular weight organic acids analysis

Organic acids analysis was performed by HPLC on a Shimadzu SCL-

10AVP equipped with an SIL-10AXL autosampler, LC-10VP pump,

CTO-10ASvp Column Oven, RID-10A and SPD-10AV VP UV/Vis

Detector at 254 nm. Organic acids from exudates or standards of cit-

ric acid and malic acid were separated using an AMINEX HPX-87H

with isocratic elution of 0.005 M H2SO4 at 0.6 mL min�1 and column

temperature of 65�C, based on Grierson (1992).

2.4 | Liquid chromatography-tandem mass
spectrometry (LC–MS/MS) analysis

Chromatographic separation was performed using an Agilent 1,260

Infinity system, where 10 μL of exudate sample was injected onto a

Zorbax Eclipse Plus C18 column (4.6 � 100 mm, 3.5 μm) at 30�C.

Mobile phase was solvent A (water, 5% v/v methanol, 0.1% v/v formic

acid) and solvent B (methanol, 0.1% formic acid) with a flow rate of

0.4 mL min�1 and an 80-minute elution gradient: 100% v/v A hold for

20 min, then a linear increase from 0% to 100% v/v B over 50 min

and 100% v/v B hold for 10 min.

Untargeted full-scan (100–1,300 Da) MS1 acquisition was per-

formed on biological samples (60 samples and 40 samples for phyto-

chelatin validation) and controls (12 unplanted controls, and 5 blanks

prepared from Milli-Q water) using an Agilent Q-TOF 6530B mass

spectrometer equipped with an Agilent Jet Stream ion source operat-

ing in negative ion mode [ESI(�)]. Gas temperature was 300�C, drying

gas flow was 5 L min�1 and the nebulizer pressure was 45 psig.

Sheath gas temperature was 250�C with a gas flow of 11 L min�1.

MS2 acquisition was performed on 12 representative samples (based

on MS1 analysis) and blanks (samples extraction solvent and mobile

phase). Tandem mass spectra were acquired with a collision energy of

20 and 35 V.

After LC–MS acquisition, raw data were processed using MZmine

2.37 (Pluskal et al., 2010). Background noise cut-off was set to an

intensity threshold of 1,000 for MS1 and 500 for MS2. Chromatogram

building was performed with a 10-ppm mass accuracy and a minimum

peak intensity of 10,000. Extracted ion chromatograms were deco-

nvoluted using MZmine minimum search algorithm. Isotope peaks were

grouped with 10 ppm mass tolerance and 0.2 min retention time toler-

ance. Between samples, feature alignment was performed with 10 ppm

mass tolerance (weighing for 80%) and 0.8 min retention time tolerance

(weighing for 20%). Features that contained >1 isotope peak, and which

occurred in >2 samples were retained. Gaps in the feature matrix were

filled with 0.2 min retention time tolerance and 5 ppm mass tolerance.

Features eluting in <0.2 min retention time windows and which peak

shape correlated by >85% (Pearson correlation from MZmine meta-

Correlate algorithm) were assigned to a feature group and used for

curation of adducts, complex formation and in-source fragments, using

the ion identity networking module in MZmine (Schmid et al., 2021).

Features detected in >2 blank samples were removed from the dataset,

while those detected in >6 unplanted controls were flagged. MS2 spec-

tra were matched to a precursor ion from the MS1 chromatogram

within 0.02 m/z and 0.2 min retention time windows. MS2 spectra

from 20 and 35 eV collision energies matched to the same precursor

ion were merged into a single consensus spectrum and their intensities

summated. All retained features were between 3.5–69.8 min retention

time (RT) and 115 to 1,087 m/z.

2.5 | Untargeted metabolite annotation

MS2 fragmentation spectra were annotated using feature-based

molecular networking from the Global Natural Product Social Molecu-

lar Network (GNPS) platform (Nothias et al., 2020), as well as SIRIUS

(version 4.5.3; Dührkop et al., 2019) for in silico formula, structure

(Dührkop et al., 2015) and chemical class (Dührkop et al., 2020) pre-

diction. Features annotation was further refined using the Plant Meta-

bolic Network compound database of all available leguminous species

(https://plantcyc.org/) (Caspi et al., 2018) and the public phytochelatin

database PyCDB (Dennis et al., 2019) (https://kuppal.shinyapps.io/

pycdb/), based on exact mass similarities (<5 ppm) and characteristic

delta m/z of common adducts. For a limited number of features, anno-

tation was confirmed from retention time and fragmentation spectra

matching against standards (± 1 min RT, cosine >0.9). Standards

included phytochelatin 2 (Anaspec, CA), glutathione (Alfa Aesar Co.,

Inc.), glutathione disulphide (ACROS Organics) and genistein (Sigma-

Aldrich). Features with ambiguous annotation were annotated by best

matching CANOPUS (Dührkop et al., 2020) predicted chemical class

using ClassyFire taxonomy (Djoumbou Feunang et al., 2016). Annota-

tion of each feature is categorized into four levels of metabolite

4 FR�EMONT ET AL.

https://plantcyc.org/
https://kuppal.shinyapps.io/pycdb/
https://kuppal.shinyapps.io/pycdb/


identification, as proposed standards for minimum reporting in met-

abolomics experiments (Sumner et al., 2007). Unless categorized as

level 1 identification (identified from standards), all annotation should

be considered as putative even when confirmed using database mat-

ched MS2 fragmentation patterns, as untargeted identification meth-

odologies and database records are subject to change.

2.6 | Statistical analysis

All statistical tests were performed using R, version 4.0.2 (R Core Team,

2020). Comparisons of two groups were performed using Student's

t-test and multiple groups comparisons were performed with ANOVA

followed by Tukey HSD post hoc test (α < 0.05). For differential abun-

dance analysis of metabolic features, two groups comparisons were

performed using Mann–Whitney U test with Benjamini-Hochberg cor-

rection, and multiple groups comparisons were performed using the

non-parametric Kruskal-Wallis test [FSA package in R, (Ogle

et al., 2020)], followed by Games-Howell post hoc test with Benjamini-

Hochberg FDR correction [UFS package in R, (Peters, 2018)]. Diversity

of features within exudate samples was estimated using Shannon and

inverse Simpson indices (Schweiger et al., 2018), which account for

both relative intensities and evenness between treatments.

Unsupervised classification was estimated based on feature relative

intensities using Bray–Curtis dissimilarity and the principal coordinates

analysis (PCoA) ordination method. Dispersion ellipses used standard

deviation for each treatment group. Significant distance was evaluated

between the groups using the permutational multivariate analysis of

variance (PERMANOVA) with Benjamini-Hochberg correction and per-

mutations set to 9,999. Diversity and multivariate analysis were per-

formed within the vegan R package (Oksanen et al., 2019).

3 | RESULTS

3.1 | Physiological response to arsenic

White lupin transpiration, above- and belowground biomass, RSA and

above- and belowground As concentration did not significantly vary

between plants when comparing As(III) to As(V) form at any specific

concentration (t-test, p > 0.05; Data S1). When comparing the differ-

ent As concentrations to controls (discounting form), transpiration of

plants treated with 0.05, 0.1, 0.5 and 1 ppm As did not significantly

vary from controls, with a mean transpiration of 7 ± 0.5 mL day �1

after the first As application (day 25) and 7.3 ± 0.7 mL day �1 before

harvest (day 32), but some necrotic lesions were observed on leaves

of plants treated with 1 ppm before harvest (Figure 2). Plants treated

with 5 ppm As had a mean transpiration of 3.5 ± 0.3 mL day �1 after

the first As application and a mean of 1.6 ± 0.2 mL day �1 before har-

vest, both of which were significantly lower than controls and other

treatments (Tukey HSD, α < 0.05). The first treatment with 5 ppm As

also induced necrotic lesions in older leaves, which progressed to

complete necrosis and abscission before harvest.

Mean above-ground dry weight was not significantly altered by

0.05, 0.1 and 0.5 ppm As when compared to control plants at a mean

of 387.1 ± 16.3 mg, but was significantly lower in plants receiving

1 and 5 ppm As, at 307.6 ± 17 and 132.2 ± 10 mg, respectively

(Figure 2). Belowground dry weight and RSA were not significantly

altered by 0.05, 0.1, 0.5 and 1 ppm As compared to controls at a mean

of 169.5 ± 15.5 mg and 143.5 ± 12.8 cm2, but was significantly lower

in plants receiving 5 ppm As, with 91.8 ± 8.6 mg and 52.4 ± 4 cm2

(Tukey HSD, α < 0.05).

Mean As concentrations in above-ground biomass of plants

treated with 0.05, 0.1 and 0.5 ppm As were 1.7 ± 0.2, 2.4 ± 0.2, 7.3

± 0.6 μg As g�1 dry weight (DW), respectively, and did not signifi-

cantly differ from controls concentration of 0.3 ± 0.01 μg As g�1 DW

(Figure 2). However, As concentrations were significantly higher than

controls in above-ground biomass of plants treated with 1 ppm and

5 ppm As, with mean concentrations of 12.9 ± 1.9 and 46.9 ± 7.2 μg

As g�1 DW, respectively (Tukey HSD, α < 0.05). In belowground bio-

mass, As concentrations were 11.7 ± 1 and 23.6 ± 1.2 μg As g�1 DW

in plants treated with 0.05 and 0.1 ppm As, respectively, and

increased in plants treated with 0.5, 1 and 5 ppm As, to concentra-

tions of 171 ± 13.1, 411 ± 32.9 and 578.3 ± 34.8 μg As g�1 DW,

which were significantly higher than 1.1 ± 1.1 μg As g�1 DW in con-

trols (Tukey HSD, α < 0.05).

3.2 | Organic acid exudation

Citric acid accumulation in the rhizosphere did not significantly vary in

plants treated with 0.05, 0.1, 0.5 and 1 ppm As compared to controls,

with a mean of 1.4 ± 0.2 mg citric acid g�1 root DW, but was signifi-

cantly lower in plants receiving 5 ppm arsenic with 0.1 ± 0.04 mg cit-

ric acid g�1 root DW (Tukey HSD, α < 0.05, Figure 2). Malic acid

concentrations in the rhizosphere of plants treated with 0.05, 0.1 and

0.5 ppm As were 0.8 ± 0.3, 0.6 ± 0.2, 0.5 ± 0.2 mg malic acid g�1 root

DW, respectively, and did not significantly differ from the concentra-

tion of controls with 1.2 ± 0.2 mg malic acid g�1 root DW. However,

malic acid concentrations were significantly lower in plants receiving

1 and 5 ppm arsenic compared to controls, with mean concentrations

of 0.3 ± 0.1 and 0.2 ± 0.1 mg malic acid g�1 root DW, respectively

(Tukey HSD, α < 0.05).

3.3 | Root exudate untargeted metabolite profile

The number of initial features per exudate sample ranged from 323 to

1,200. After alignment and quality control, which included the

removal of one sample as an extreme outlier, a total of 245 features

were retained as shared across >2 of the 59 root exudate samples

(Figure 3). Of the 245 retained features, 82 were annotated as com-

pounds, 80 annotated to a predicted chemical superclass, class, or

subclass and 52 annotated as adducts, multimers and in-source frag-

ments of identified metabolites (not considered in differential abun-

dance analysis), while 31 features remained unknown (Data S1).
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In total, root exudate features from controls and As exposed white

lupin plants belonged to 15 predicted chemical classes, including: fatty

acids, saponins, flavonoids, oligopeptides, coumarins, amino acids and

derivatives, nucleosides and nucleotides, phenolic glycosides, benze-

noids, carbohydrates, flavins, chalcones, lignans, hydroxycinnamic acids

and carboxylic acids (Figure 3). Features with available fragmentation

spectra were grouped into molecular networks based on spectral

similarity (cosine score > 0.4). This revealed 17 delimited subnetworks

(clusters): the largest contained 55 features, the majority of which were

flavonoids and coumarins and the second largest contained 18 features

which were all oligopeptides (Figure 3). Forty-nine features did not

cluster and were classified mostly as saponins or unknown features.

Using all 245 features across all samples, unsupervised analysis

on Bray Curtis distances suggests samples separate by As dose and

F IGURE 2 White lupin physiological parameters in response to arsenic. (a) Representative plant above-ground (top) and belowground
(bottom) photographs before harvest in response to treatment (scale bars: 3 cm). Arsenic effect on (b) transpiration at harvest, (c, d) above-ground
and belowground biomass, (e) root system area (RSA), (f, g) shoot and root arsenic concentrations, (h, i) root exudation of citric acid and malic acid.
Data are means ± SE (n = 10). Different letters indicate significant differences (Tukey HSD, α < 0.05) [Colour figure can be viewed at
wileyonlinelibrary.com]
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not by As form (Figure 4, Data S1). Permutational multivariate analysis

of variance (PERMANOVA) revealed significantly greater variance

between As doses than within dose (p < 0.05) and no significant dif-

ference between As(III) and As(V). Shannon and InvSimpson indices

were used as a measure of feature diversity within samples; treatment

with 5 ppm As significantly reduced both diversity indices compared

to controls (Tukey HSD, α < 0.05), while As form did not significantly

alter either diversity indices.

Differential abundance analysis comparing As(III) and As(V) forms,

within each As dose, revealed 11 significantly differentially abundant fea-

tures (Data S1). Of these, 10 varied significantly at 0.1 ppm As and one

feature varied significantly at 1 ppm As. Comparison between As doses

(discounting form) to controls revealed a total of 93 significantly

differentially abundant features in at least one As dose, with 73 depleted

and 22 enriched (Figure 4). No significantly depleted features were

detected at 0.05 or 0.1 ppm As, whereas one significantly depleted fea-

ture was detected at 0.5 ppm As, 14 at 1 ppm As and 73 at 5 ppm

As. Significantly enriched features included three at 0.05 ppm As, six at

0.1 ppm As, 18 at 0.5 ppm As, 20 at 1 ppm As and 5 at 5 ppm As.

3.3.1 | Metabolites significantly altered between
arsenic forms

Of the 11 features significantly differentially abundant between As

forms, 10 were lower in 0.1 ppm As(III) compared to 0.1 ppm As(V),

F IGURE 3 Overview of
untargeted metabolite profile of
white lupin root exudates.
(a) Quality control of untargeted
LC–MS features. Each point
represents a sample and bars
represent means ± SE (n = 60
plants) before and after quality
control filtering. (b) Number of

compounds identified in the
different chemical classes.
(c) Molecular network based on
MS2 spectra similarities (cosine
>0.4) computed in the GNPS
environment (Nothias et al., 2020)
and plotted in Cytoscape, major
cluster groups are circled. Full
annotation of each feature is
available in Data S1 [Colour figure
can be viewed at
wileyonlinelibrary.com]

FR�EMONT ET AL. 7

http://wileyonlinelibrary.com


and were putatively classified as six saponins, one flavonoid glycoside,

one amino acid derivative, as well as two features that were unknown

(Data S1). At 1 ppm, one feature, putatively classified as a

disaccharide, was significantly higher in As(III) compared to As(V). No

significant differences were identified in exudates of plants treated

with As(III) compared to As(V) at 0.05, 0.5 or 5 ppm As. Due to this

F IGURE 4 Alterations in white lupin root exudate profiles in response to arsenic. (a, b) PCoA of sample dissimilarity based on Bray-Curtis
distances including standard deviation ellipses for treatment with arsenic doses or arsenic forms. (c, d) Shannon and InvSimpson diversity indices
comparison between arsenic treatments, different letters indicate significant differences (Tukey HSD, α < 0.05). (e) Significantly enriched and
depleted features in the different arsenic concentrations compared to controls, each point represents one feature, coloured by chemical class
[Colour figure can be viewed at wileyonlinelibrary.com]
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similarity, As(III) and As(V) treated plants are used collectively for dif-

ferential analysis comparing exudate response of As doses to controls

(although additional pair-wise comparisons are available in Data S1).

3.3.2 | Metabolites significantly altered by 5 ppm
arsenic

The 73 features significantly depleted in response to 5 ppm As com-

pared to controls were putatively classified into 15 chemical classes

(Figure 4). The five largest depleted chemical classes were fatty

acids (15), saponins (13), flavonoids (11), oligopeptides (5) and cou-

marins (4). The fatty acids included, trihydroxy octadecadienoic

acids, trihydroxy octadecenoic acids and octadecynedioic acids, as

well as one saccharolipid, licoagroside B (Data S1). The saponins

included pisumsaponin II and soyasaponin I. Flavonoids included

apigenin 6,8-digalactoside, apigenin 7-O-glucosylglucoside, apigenin

7-O-glucoside, dihydrokaempferol 7-glucoside and genistein gluco-

side. Oligopeptides included glutathione disulphide (GSSG). Couma-

rins included two chromenone glycoside derivatives. Other putative

compounds included the amino acid, tryptophan, two flavins, ribofla-

vin and lumiflavin, the phenolic glycosides p-coumaric acid glucoside

and ferulic acid glucoside, the hydroxycinnamic acid, p-coumaric acid

and the nucleoside uridine, while five significantly depleted features

were unknown.

Of the five features enriched in response to 5 ppm As, three were

classified as putative oligopeptides, including cysteineglutathione dis-

ulphide (CySSG), two yet-to-be-characterised compounds predicted

as sulphur-containing gamma-glutamyl peptides (Feat_66, Feat_84,

supp data), while the remaining two features were unknown (Figure 4,

Data S1).

3.3.3 | Features significantly altered by 0.05, 0.1,
0.5 and 1 ppm arsenic

There was no significant depletion of exuded features in treatments

with 0.05 and 0.1 ppm As when compared to controls. Treatment

with 0.5 and 1 ppm As led to significant depletion of one and 14 fea-

tures, respectively. The depleted feature in 0.5 ppm As treated plants

was the oligopeptide GSSG, which was also depleted in response to

1 ppm, along with 13 other features from nine chemical classes: flavo-

noids (3), flavins (2), chalcones (2), amino acid derivatives (1), benze-

noids (1), hydroxycinnamic acids (1), nucleosides (1), phenolic

glycosides (1) and saponins (1) (Figures 4 and 5).

Exuded features significantly enriched in response to treatment

with 0.05, 0.1, 0.5 and 1 ppm As when compared to controls belonged

to four chemical classes, oligopeptides (10), coumarins (5), flavonoids

(1), and nucleosides (1), while four features were unknown (Figures 4

and 5, Data S1). Treatment with 0.05 ppm As significantly enriched

three putative oligopeptides: oxidized phytochelatin 2 (ox-PC2), oxi-

dized phytochelatin 2 with the glycine residue substituted for glutamic

acid (ox-PC2-Glu) as well as one uncharacterized sulphur-containing

gamma-glutamyl peptide (Feat_66, Data S1). Treatment with 0.1 ppm

As also significantly enriched the common features ox-PC2,

ox-PC2-Glu and the gamma-glutamyl peptide (Feat_66) along with

three additional oligopeptides, oxidised PC2 with a terminal glycine

deletion (ox-DesGly-PC2), one dimer of phytochelatin 3 (with three

S S bonds, [PC3]2), and one gamma-glutamyl peptide (Feat_84,

isomer of Feat_66). Treatment with 0.5 ppm As significantly enriched,

five coumarins, including four chromenone glycoside derivatives and

one coumarin glycoside, one uncharacterized flavonoid, the nucleo-

side thymidine, the same oligopeptides ox-PC2, ox-PC2-Glu,

ox-DesGly-PC2, gamma-glutamyl peptides (Feat_66, Feat_84), the

phytochelatin 3 dimer (PC3)2, as well as another phytochelatin 3 dimer,

two phytochelatin 2 dimers (with two S S bonds, [PC2]2), and two

unknown features (Data S1). Treatment with 1 ppm As significantly

enriched the same five coumarins, the nucleoside thymidine and the

oligopeptides ox-PC2, ox-PC2-Glu, ox-DesGly-PC2, gamma-glutamyl

peptides (Feat_66, Feat_84), the two phytochelatin 3 dimers (PC3)2,

two phytochelatin 2 dimers (PC2)2, cysteineglutathione disulphide

(CySSG), and four unknown features (Figure 5). All enriched

oligopeptides, except for (PC3)2, clustered into a single subnetwork

(oligopeptide cluster; Figure 6) with similar fragmentation spectra

(cosine score > 0.4) and which contained only one depleted

metabolite, GSSG.

3.4 | Phytochelatins exudation validation

To further confirm exudation of phytochelatins, plants were treated

with 0.5 ppm As or were left as controls, and different belowground

fractions were sampled, including: root exclusion (RX), which was

strictly isolated from direct contact with roots, rhizosheath (RS), bulk

soil (BS) and rhizosphere (RE) as the standard exudate sampling

approach (Figure 7). A total of 351 features were detected as shared

across >2 exudate samples.

The phytochelatins and glutathione derivatives: ox-PC2, ox-PC2-

Glu, ox-DesGly-PC2, the two isomers of (PC2)2 and CySSG, were all

significantly enriched in the RX belowground fraction from As-treated

plants compared to controls (Figure 7), while only one phytochelatin

3 dimer (PC3)2 was detected in RX and did not significantly differ from

controls. Conversely, GSSG was significantly depleted in the RX

belowground fraction of As-treated plants compared to controls. Ox-

PC2, other PC variants and glutathione derivatives were also signifi-

cantly increased in other belowground fractions when compared to

controls, including the repeated standard rhizosphere extraction (RE),

the rhizosheath (RS) and the bulk soil (BS) (Data S1).

Direct comparison between RE, RS, BS and RX belowground frac-

tions of As-treated plants revealed ox-PC2, ox-PC2-Glu and ox-Des-

Gly-PC2 were higher in RE fractions when compared to RS fractions,

which were higher compared to BS and RX fractions (Figure 7), consis-

tent with an expected diffusion gradient. The two isomers of (PC3)2

were significantly higher in RE compared to BS and RX belowground

fractions, but did not significantly differ between RS, BS and

RX. GSSG and the two isomers of (PC2)2 were higher in RE and RS
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fractions compared to BS and RX fractions, while CySSG remained

stable between all belowground fractions.

4 | DISCUSSION

4.1 | Physiological response to arsenic

The absence of observed toxicity symptoms in canopy morphology, tran-

spiration and biomass production in plants subjected to arsenic at con-

centrations of 0.05, 0.1 and 0.5 ppm suggests short-term tolerance to

arsenic in white lupin within the semi-hydroponic system (Figure 1 and

Figure 2). Visible toxicity symptoms on leaves after 11 days of treatment

indicate a chronic toxic effect of 1 ppm arsenic, and similar symptoms

after only 4 days of treatment indicate acute toxicity of 5 ppm arsenic.

The leaf lesions in plants subjected to 5 ppm arsenic are characteristic of

arsenic-induced oxidative stress (Sharma, 2012) and coincided with a

sharp decrease in transpiration and biomass production, consistent with

impaired photosynthesis and primary metabolism due to arsenic cellular

toxicity (Tripathi et al., 2012). Although arsenite As(III) and arsenate

As(V) can have distinct degrees of phytotoxicity (Finnegan &

Chen, 2012), they had similar effects on white lupin, potentially due to

one form being rapidly converted to the other, as observed in rice and

tomato by Xu et al. (2007), where >90% of As(V) was reduced into As(III)

in the presence of plant roots. Treated plants significantly accumulated

arsenic in both belowground and above-ground tissues, regardless of the

arsenic form applied, in similar concentrations as those observed in

hydroponically grown white lupin from Vázquez et al. (2005). The pro-

portion of arsenic accumulated in roots was substantially higher than in

shoots, with 76%–94% of the total arsenic retained in root systems.

Preferential arsenic accumulation in roots was also highlighted in

Vázquez et al. (2005, 2006), providing evidence that white lupin may be

a good candidate for immobilizing arsenic within contaminated soils

(a process termed “phytostabilisation”).

F IGURE 5 Differentially abundant exudates between plants treated with 1 ppm arsenic. Significantly differentially abundant exudates in
1 ppm arsenic compared to controls, annotated, and grouped by putative compound classes (Data S1 includes full annotation, feature unique ID is
indicated in brackets). Statistical significance was determined using the non-parametric Kruskal-Wallis test, followed by Games-Howell post hoc
test using a Benjamini-Hochberg correction (FDR adjusted p < 0.05). Data are mean fold change (FC log2) of peak intensities from significantly
different exudates between arsenic-treated and control plants, ± SE (n = 10). The dashed lines indicate “infinite” fold change, where the exudate
had detectable signal in only one condition [Colour figure can be viewed at wileyonlinelibrary.com]
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These results indicate that white lupin successfully tolerated

concentrations up to 0.5 ppm of arsenic, had partial tolerance to

1 ppm arsenic and was sensitive to 5 ppm arsenic. This agrees with

Moreno-Jiménez et al. (2010) where white lupin tolerated concen-

trations of 0.5 ppm As, which corresponded to the bioavailable

arsenic from highly contaminated soil. White lupin response to

arsenic is thought to involve root exudation of compounds, such as

citric acid (Fresno et al., 2017). Here, citric acid and malic acid, the

two main OAs found in root exudates of P-deficient white lupin

(Neumann & Römheld, 1999; Pearse et al., 2007), were significantly

reduced by high arsenic treatment, and were unaffected by tolera-

ble arsenic levels. This suggests that white lupin might not use OA

exudation to alter arsenic solubility directly within the rhizosphere,

contrary to hyperaccumulating species such as Pteris vittata (Das

et al., 2017; Liu et al., 2017; Tu et al., 2004). As the full range of

exuded compounds in response to arsenic is largely unknown but

could influence the fate of soil arsenic, exuded compounds were

profiled and compared.

4.2 | Root exudation is significantly altered in
response to arsenic

Accurate exudate profiling is challenging due to the difficultly of sam-

pling undamaged roots, the low concentrations, metabolite sorption

onto soil particles, potential microbial interactions as well as other

interfering soil constituents (Oburger & Jones, 2018). Semi-

hydroponic silica sand cultivation systems, such as that used here

(Pang et al., 2018; Pearse et al., 2007; Ryan et al., 2012; Sasse

et al., 2020; Figure 1), enabled root exudates to be sampled from

whole root systems for untargeted metabolite profiling. Overall,

245 exuded metabolites were repeatedly observed across multiple

F IGURE 6 Molecular network and representative molecular structure of differentially abundant exudates in 1 ppm arsenic. (a) Molecular
network of feature MS2 spectra similarities (cosine >0.4) computed in the GNPS environment (Nothias et al., 2020) and plotted in Cytoscape,
major cluster groups are circled. Each significantly differentially abundant exudate is coloured by direction of significant change after 1 ppm
arsenic treatment compared to controls (enriched in red, depleted in blue; NSD, non-significant difference). (b) Example molecular structures from
major cluster groups from exudates, and hypothetical As(III)-(PC2)2 complex adapted from Schmöger et al. (2000) [Colour figure can be viewed at
wileyonlinelibrary.com]

FR�EMONT ET AL. 11

http://wileyonlinelibrary.com


F IGURE 7 Validation of phytochelatin exudation. (a) Schematic of the rhizosphere of arsenic-treated and control plants illustrating different
belowground fractions sampled for exudate profiling: Standard rhizosphere extraction (RE), rhizosheath (RS) extraction, bulk soil (BS) extraction,

and root exclusion (RX) extraction. RX samples were collected using nylon mesh pockets filled with sand and included in growth pouches before
planting which strictly exclude root penetration. (b) Phytochelatin and glutathione derivatives abundance (Log10 peak area) in RX belowground
fraction from controls and arsenic-treated plants. Asterisks indicate significant difference from controls (Mann–Whitney U test, FDR adjusted
p < 0.05). (c) Phytochelatin and glutathione derivatives abundance (Log10 peak area, normalised based on dry weight of extracted material)
comparing the different belowground fractions of arsenic-treated plants. Data are means ± SE (n = 5 plants), different letters indicate significant
difference (Games-Howell test, FDR adjusted p < 0.05). ND, non-detected; NSD, non-significant difference [Colour figure can be viewed at
wileyonlinelibrary.com]
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plants and arsenic drove significant and substantial changes in their

abundance (based on peak intensities) when compared to untreated

controls (Figure 4).

The form of arsenic had limited impact on exudation, with no sig-

nificant differentially abundant metabolites detected between As(III)

and As(V) at 0.05, 0.5 or 5 ppm. Only 10 metabolites identified as dif-

ferentially abundant when comparing As(III) to As(V) at 0.1 ppm,

including a relative reduction in saponins due to As(III), and one differ-

entially abundant metabolite at 1 ppm. Saponins are commonly found

in exudates of Glycine max and Solanum lycopersicum, where they are

thought to alter rhizosphere microbial communities (Fujimatsu

et al., 2020; Nakayasu et al., 2021). As comparative studies of As(III)

and As(V) effects on plant metabolism are scarce (Tripathi

et al., 2012), any direct role of altered saponin exudation or indirect

interaction with rhizospheric microbiota is unclear.

Conversely, substantial differences in exudation profiles were

induced between different arsenic doses when compared to

untreated controls, with 93 differentially abundant metabolites in at

least one dose when arsenic treatment (regardless of form) was com-

pared to controls. The large proportion (78%) of differentially abun-

dant metabolites significantly depleted in response to 5 ppm only

(Figure 4) can likely be explained by a general decrease in metabolism

and exudation, reflecting the physiological symptoms of arsenic sensi-

tivity at this toxic concentration (Figure 2). In contrast, treatments

with 0.05, 0.1, 0.5 and 1 ppm arsenic led to a more balanced shift in

exuded metabolites, particularly in treatments with 0.5 ppm and

1 ppm (Figure 4), which were tolerated or partially tolerated by white

lupin. The depletion of certain metabolites may reflect the action of

intracellular arsenic toxicity but could also be a response aimed at

decreasing arsenic sensitivity through a redirection of resources and

switch from constitutive exudation to tolerance exudation. The

corresponding significant enrichment of specific metabolites due to

0.5 and 1 ppm arsenic treatment likely represents the metabolites

facilitating or directly acting towards neutralization of arsenic.

4.3 | Exudation profile of arsenic toxicity in white
lupin

The toxicity response of white lupin to 5 ppm arsenic included a gen-

eral decrease in metabolite exudation compared to controls (Figure 4,

Data S1). These compounds were largely fatty acids, saponins and fla-

vonoids, and are likely the constitutive white lupin root exudates

associated to rhizosphere functions. For instance, the depleted fatty

acids found here, such as trihydroxy octadecadienoic acids, have been

reported in exudates of several species (da Silva Lima et al., 2014;

Strehmel et al., 2014) including in white lupin (Lucas García

et al., 2001), and can facilitate root penetration, nutrient exchange

and microbial dynamics at the root soil interface as constituents of

mucilage (McCully, 1999; Read et al., 2003). Other depleted fatty

acids, such as octadecenoic acids, can be found in root hairs of Glycine

max (a relative of lupin within Fabaceae), where they are thought to

be involved in interactions with symbiotic rhizobacteria

(Brechenmacher et al., 2010). Saponins have also recently been identi-

fied in root exudates of Glycine max (Tsuno et al., 2018) and at high

concentrations in roots of Panax notoginseng in arsenic contaminated

soils (Zu et al., 2018). In addition, some saponins have been shown to

protect mammalian cells from arsenic (Manna et al., 2007) and have

been used as a biosurfactant to treat arsenic contaminated soils

(Gusiatin, 2014). Flavonoids are commonly found in root exudates of

white lupin and other species (Cesco et al., 2012) where they can have

diverse functions. Amongst the flavonoids depleted in high arsenic

here, apigenin glucoside is thought to be involved in legume-rhizobia

interactions (Brechenmacher et al., 2010) and isoflavonoids such as

genistein glucosides, have been found in white lupin rhizosphere as

having antimicrobial activities and possible roles in Cu detoxification

and P acquisition (Jung et al., 2003; Weisskopf, Abou-Mansour,

et al., 2006; Weisskopf, Tomasi, et al., 2006). Alongside the symptoms

of arsenic toxicity observed with 5 ppm arsenic (Figure 2), the deple-

tion of these metabolites are therefore consistent with a reduction in

root exudate functions, such as shaping soil physicochemical condi-

tions through mucilage formation, improved nutrient acquisition,

defence, as well as recruitment and maintenance of a healthy rhizo-

sphere microbiome (Badri & Vivanco, 2009).

Although most exuded compounds were depleted in 5 ppm

arsenic-treated white lupin, the arsenic toxicity also led to significant

enrichment in three oligopeptides, cysteineglutathione disulphide

(CySSG), and two sulphur-containing gamma-glutamyl peptides

(Feat_66, Feat_84; Data S1) which clustered with CySSG within the

oligopeptide cluster (Figure 3). Glutathione-derived sulphur-

containing peptides such as these can be strongly induced during oxi-

dative stress and metalloid response (Finnegan & Chen, 2012) and are

consistent with the extreme toxicity of high arsenic concentrations.

4.4 | Exudation profile of arsenic tolerance in
white lupin

Metabolites that were depleted in response to tolerated, or partially

tolerated, levels of arsenic (0.5 and 1 ppm As) included, flavonoids, fla-

vins, chalcones, amino acid derivatives, benzenoids, hydroxycinnamic

acids, nucleosides, phenolic glycosides and saponins. Depletion in

these diverse exudate molecular classes, which occurred mostly in

response to 1 ppm arsenic, resembled the toxicity response to 5 ppm

arsenic (Figure 4) and supports the physiological symptoms inter-

preted as partial tolerance of white lupin to 1 ppm arsenic (Figure 2).

A common response to 0.5 and 1 ppm arsenic was the significant

depletion in glutathione disulphide (GSSG). Previous research has pro-

vided evidence that GSSG can reduce translocation of metals such as

cadmium to above-ground tissue (Nakamura et al., 2013). GSSG is the

oxidized form of glutathione (GSH), a compound with high intracellu-

lar antioxidant activity (Jozefczak et al., 2012) which can form As(III)-

GSH complexes like arsenotriglutahione in roots (Delnomdedieu

et al., 1994; Raab et al., 2004; Raab et al., 2005). A reduction in GSSG

within exudates after arsenic treatment could therefore be due to

increased demand for GSH in planta for arsenic partitioning and
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compartmentalization. Depleted intracellular levels of GSH due to

arsenic have also previously been observed in lupin leaves, stems and

roots, following the increased synthesis of phytochelatins (Vázquez

et al., 2005). As GSH is difficult to capture in exudates due to high

reactivity (Giustarini et al., 2016), the significant depletion of GSSG is

an important clue suggesting a general redirection of the glutathione

pathway towards increased synthesis and enrichment of arsenic toler-

ance exudates.

Enriched metabolites in root exudates due to arsenic belonged to

four molecular classes, including 10 oligopeptides, five coumarins, one

nucleoside, and one uncharacterized flavonoid. The nucleoside thymi-

dine, a DNA constituent, has been shown to have exudate function as

a growth substrate for rhizosphere microorganisms in Avena barbata

(Zhalnina et al., 2018) and as a metabolite involved in response to P

deficiency in Glycine max (Tawaraya et al., 2014). Enriched coumarins

included four chromenone glycoside derivatives (Figure 5, Data S1),

previously identified in root extracts from Glycine max (Zanzarin

et al., 2020). The coumarin pathway was reported as up-regulated in

response to Fe limitation in white lupin (Venuti et al., 2019) and some

coumarins from Arabidopsis root exudates were shown to complex Fe

(Schmid et al., 2014) but coumarins have not previously been associ-

ated to arsenic response, and their role in root exudates remain

unclear. Arsenic is thought to cause Fe limitation in plants (Shaibur

et al., 2009), therefore, enriched coumarin exudation could have a role

in Fe nutrition during arsenic exposure to maintain lupin health.

Ten metabolites of the oligopeptide class were significantly

enriched in response to tolerated levels of arsenic, and clustered to

suggest related molecular structures (Figure 3 and Figure 6). Most of

the enriched oligopeptides were identified as phytochelatins (PCs) or

GSH-derived oligopeptides. As PC synthesis requires two GSH to

form one phytochelatin 2 molecule (PC2) (Grill et al., 1989; Scheller

et al., 1987), the general enrichment of PCs within exudates could

explain the depleted levels of total GSH (detected here as GSSG) in

arsenic-treated plants due to a major shift in the glutathione pathway.

The most abundant (based on peak intensities) form of exuded PCs

was ox-PC2, which is a major intracellular metal(loid) detoxification

metabolite in plants, including white lupin, and is commonly identified

in cells responding to different heavy metals and metal(loid)s such as

lead, mercury, cadmium and arsenic (Cobbett & Goldsbrough, 2002;

Vázquez et al., 2005). The two PCs, ox-PC2-Glu and ox-DesGly-PC2,

have not previously been reported as detected in white lupin but are

known metal(loid)-induced intracellular metabolites in tissues of other

crops, such as rice (Oryza sativa) (Lemos Batista et al., 2014) and sun-

flower (Helianthus annuus) (Raab et al., 2005). To our knowledge,

phytochelatins have not previously been reported in root exudates in

any plant species.

4.5 | Phytochelatins exudation validation

To further confirm white lupin PC exudation in response to arsenic,

an independent experiment was performed to strictly exclude roots

from exudate samples (Figure 7). After arsenic treatment with

0.5 ppm, ox-PC2, other PC variants, ox-PC2-Glu, ox-DesGly-PC2, ox-

(PC2)2 and GSH-derivative CySSG were significantly enriched in the

root exclusion (RX) fraction, which ensured complete separation of

roots or roots fragments from the extracted sand using 25-μm nylon

mesh pockets. Using the RX approach, the experimental results con-

firm the exudation of ox-PC2, other PC variants and glutathione deriv-

atives into the rhizosphere as opposed to these metabolites

originating from root cell damage and leaching of intracellular metabo-

lites during sampling.

All PCs decreased gradually from the surface of the roots (RE and

RS) into the bulk soil (BS and RX) (Figure 7) in line with expected diffu-

sion gradients of exuded compounds through soils (Dessureault-

Rompré et al., 2006; Oburger et al., 2013) and confirms that the root

zone of influence upon the soil, often considered as a definition of the

rhizosphere, is spatially limited. A noteworthy exception was CySSG;

present in similar abundance across all compartments, which suggests

a high diffusion rate through the rhizosphere and is consistent with its

short chromatographic retention time (3 min) due to strong polarity.

The diversity of PC variants enriched in exudates or arsenic

treated plants suggests that white lupin could deploy an arsenal of

detoxification metabolites directly in the rhizosphere (with roughly

53% of internal PC2 levels exuded into the rhizosphere based on peak

area per plant, Data S1). The major intracellular arsenic detoxification

strategy in plants is thought to be the binding of As(III) to sulfhydryl

(-SH) groups of PC cysteine residues in the cytoplasm to form a less

toxic As(III)-PC complex (Schmöger et al., 2000). Complexation of

arsenic with PC2 has been directly observed in plants extracts, under

specific buffer conditions, demonstrating the effective binding of one

As(III) to three thiol (-SH) from two PC2 molecules to form As(III)-

(PC2)2 complexes (Raab et al., 2004; Schmöger et al., 2000; Figure 6).

A similar arsenic detoxification mechanism by PCs could therefore

operate within the rhizosphere directly to immobilize arsenic and

reduce uptake into roots. Another hypothesis is that As(III)-(PC2)2

complexes are exuded (efflux) from roots as a mechanism to exclude

arsenic in a similar manner as intracellular compartmentalization in

plant vacuoles. Non-complexed arsenite efflux through channels of

the NIP subfamily of plant aquaporins has been reported in several

species but only explains up to 20% of total As(III) efflux from roots

into the soil in non-hyperaccumulators, where 50%–100% of intracel-

lular As(III) is complexed with thiols (Bienert et al., 2008; Li

et al., 2016; Ma et al., 2008; Zhao, Ago, et al., 2010, 2009). Interest-

ingly, Song et al. (2014) reported the expression of rice ABC-type

transporters, responsible for As(III)-PC loading into the vacuole, within

the plasma membrane of the root epidermis, providing a route for

efflux of As(III)-PC complexes into the rhizosphere.

5 | CONCLUSIONS

Untargeted metabolite profiling revealed white lupin has a distinctive

root exudate response to arsenic. The exudation profile associated

with successful tolerance of high arsenic concentrations included

unexpected compounds, such as coumarins, several yet-to-be-
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characterized molecules and a diverse suite of phytochelatins, exuda-

tion that was further confirmed through repeated growth trials and

strict exclusion of roots from sampled growth medium. These findings

provide evidence that an extracellular arsenic tolerance mechanism

mediated by phytochelatins exists in white lupin which has the poten-

tial to explain the successful tolerance of excluder species. This

improved understanding of how plants can adapt to, and potentially

alter, metal(loid) challenged soil environments can help inform sustain-

able strategies to help mitigate environmental pollution.
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