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SUMMARY

Long-term adjustment and survival of perennial rgeg to subtoxic levels of diverse
xenobiotic and heavy-metal stresses are associatttd major flexibility and complex

regulations of central carbon and nitrogen metabwi

ABSTRACT

Plant communities are confronted with a great ware environmental chemical stresses.
Characterization of chemical stress in higher plamis often been focused on single or
closely-related stressors under acute exposuresticted to a selective number of molecular
targets. In order to understand plant functionimglar chemical stress conditions close to
environmental pollution conditions, the C3 graséium perennewvas subjected to a panel of
different chemical stressors (pesticide, pesticidgradation compound, polycyclic aromatic-
hydrocarbon, heavy metal) under conditions of deedl or root-level subtoxic exposure.
Physiological and metabolic profiling analysis @ots and shoots revealed that all of these
subtoxic chemical stresses resulted in discretesiplogical perturbations and complex
metabolic shifts. These metabolic shifts involvetessor-specific effects, pointing out to
multi-level mechanisms of action, such as the #ffeaf glyphosate and its degradation
product aminomethylphosphonic acid on quinate kv&hey also involved major generic
effects that linked all of the subtoxic chemicaksses with major modifications of nitrogen
metabolism, especially affecting asparagine, andoludtorespiration, especially affecting
alanine and glycerate. Stress-related physiologaffaicts and metabolic adjustments were
shown to be integrated through a complex networknetabolic correlations converging on
asparagine, leucine, serine, and glucose-6-phaspiviich could be potentially modulated
by differential dynamics and interconversion ofudxdé¢ sugars (sucrose, trehalose, glucose).
Underlying metabolic, regulatory and signalling ima&gisms linking these subtoxic chemical
stresses with a generic impact on nitrogen metsmoand photorespiration are discussed in
relation with carbohydrate and low energy sensing.
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AMPA, carbon-nitrogen balance, copper, glyphosplgjtoremediation, polycyclic aromatic
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ABBREVIATIONS

AMPA, aminomethylphosphonic acid; BCAA, branchediichamino acids; Cu, copper; F,
fluoranthene; Fru, fructose; Fru-6-P, fructose-égphate; G, glyphosate; Glc, glucose; Glc-
6-P, glucose-6-phosphate; GT, combination of glgal® and tebuconazole; HCA,
hierarchical cluster analysis; PAH, polycyclic amtm hydrocarbon; PCA, principal

component analysis; PSIl, photosystem II; Suc,aerT, tebuconazole; TCA, tricarboxylic

acids; Tre, trehalose; Tre-6-P, trehalose-6-phdspha
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INTRODUCTION

Modern agriculture uses large amounts of numerassigides in order to control pests and
weeds, and to get around resistance mechanisnasgait torganisms (Helander et al., 2012).
Various processes (drift, runoff, leaching) leadctmtamination of terrestrial and aquatic
environments by mixtures of chemicals, mainly medés, pesticide degradation products,
and adjuvants (Dévier et al., 2011; Helander e2812), but also metals (Bidar et al., 2009)
and polycyclic aromatic hydrocarbons (PAH) (Kreslkawet al., 2014). Non-target plants can
suffer direct damages by chemicals because of dessile lifestyle. However, the overall
effects of these complex, diffuse, and chronic aeampollutions are difficult to predict
(Dévier et al., 2011). Most studies focus on thfea$ of a restricted number of pollutants,
mainly heavy metals and plant-targeting chemicalshsas herbicides, whereas better
understanding of chemical stress effects requines & much greater number of chemical
stressors, and their corresponding degradationupted be studied. Moreover, exposure
protocols do not necessarily reflect conditions esfvironmental pollution. For most
compounds, the mode of action and biological effeat low-level and multiple-stress
exposure may differ from effects of toxic or lethebntamination and remain poorly
understood. Serra et al. (2013) have shown thatjemunenvironmentally-relevant
contamination levels, xenobiotics and associatedradiation products induced -cryptic
metabolic perturbations iArabidopsis thalianain relation with non-target and signalling
effects. These perturbations highlighted completeractive effects, whether positive or
negative, between structurally-different xenobstic

Chemical stress induces different responses acuprtti the ability of plant species or
ecotypes to integrate stress signals and develogicated molecular responses (Ramel et
al., 2012; Couée et al., 2013). Perennial ryeglaggjm perenngwhich is the most widely
grown grass in temperate regions and a primary feodrce for grazing ruminants
(Barbehenn et al., 2004), has been reported tolbmant to diverse chemical stressors (Dear
et al.,, 2006; Bidar et al., 2009; D’Orazio et &Q13). It also accelerates degradation of
contaminants in soils (Krutz et al., 2005; D’Oraetoal., 2013), and plays important roles in
improving remediation of heavy-metal-contaminatedllss (Bidar et al., 2009).Lolium
perennehas been commonly used in revegetation and phgemtion projects (Bidar et al.,
2009; Hu et al., 2012), and in vegetative filteripst (Krutz et al., 2005). However,
mechanisms involved in Lolium tolerance to chemstedssors have not been elucidated, thus

highlighting the need for withouwt priori approaches such as metabolomics.
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In order to characterize chemical stress respohsdisim perennevas subjected to subtoxic
levels of contrasted chemical stressors : (i) thdely used broad-spectrum herbicide
glyphosate (Helander et al., 2012), which inhil@tematic amino acid production through
inhibition of 5-enolpyruvylshikimate-3-phosphate ndyase (EPSPS) in the shikimate
pathway, (ii) its degradation product aminomethgigbhonic acid (AMPA), which may
interact with glycine metabolism (Serra et al., 201iii) the triazole fungicide tebuconazole,
whether alone or in association with glyphosate, ttie PAH molecule fluoranthene, and (iv)
the heavy metal copper. Exposure of germinatingisesnd root systems, and different
modalities of treatment, were used to reflect stialiconditions of environmental exposure
(Serra et al.,, 2013). Plant responses were digbdaye physiological and metabolomic
analysis (Obata and Fernie, 2012) in order to kgbhlsignificant stress-induced shifts in
Lolium metabolic profiles, and to identify chemictessor-specific and generic responses to

chemical stress.
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MATERIALS AND METHODS

Plant material and growth conditions

Seeds ofLolium perenng(Brio cultivar) were washed in ethanol and surfaterilized in
bayrochlore (20 g t in water) containing 0.05% tween (v/v) for 20 naind rinsed five times
in sterilized water. Moistened seeds were placedetni dishes in the dark at 4°C for 7 d in
order to break dormancy and homogenize germinaliobibed seeds were sown on pieces of
gauze and placed at the top of sterile tubes agintailiquid growth medium. Gauze pieces
were moistened by soaking gauze edges into cuth@&@um. Germination and hydroponic
growth were carried out under axenic conditions ioontrol growth chamber at 22°C/20°C
under a 16 h light (6000 lux)/8 h dark regime. Gitowolution consisted of Hoagland basal
salt mix (No.2, Caisson Laboratories, North LoghiT,, USA) adjusted to pH 6. Direct
exposure to chemicals was carried out by sowingissem chemical-stressor-containing
growth medium. Developmental and physiological peters were measured after 11 d of
growth. Transfer experiments consisted in rootllesl®ck exposure of young plants at the
same stage of photosynthetic development. After af drowth under control conditions,
gauze pieces supporting seedlings were transfamettesh growth solution containing
chemical stressors. Developmental and physiologieahmeters were measured 4 d later,
thus corresponding to 11 d of total growth. Metabagbrofiling of seedlings was carried out
after direct and transfer exposures. Different dbamreatments were applied: the broad-
spectrum herbicide glyphosate (G, 1 uM), its degtiad product aminomethylphosphonic
acid, AMPA (A, 50 uM), the fungicide tebuconazole @ uM), the PAH fluoranthene (F,
500 uM), copper (Cu, 6 uM) and a combination opblysate and tebuconazole (GT, 1 uM
and 4 uM respectively). In order to characterizagiterm effects, developmental and
physiological parameters were also measured aftedt 8f growth under direct exposure to
chemical stress. For these experiments, control cdaminated growth solutions were
renewed every 11 d. All of these experiments wereied out with at least 5 independent

replicates, each consisting of at least 10 plamtlet

Analysis of growth and photosynthetic parameters

Seedlings were aligned on glass plates and phgbgda Lengths of main root and
elongating leaf were measured using ImageJ softweitgment contents (chlorophylls and
total carotenoids) and maximum photosystem Il (P&ficiency E./Fn) were quantified as
described in Serra et al. (2013).
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Metabolic profiling

Roots and leaves of seedlings were collected gifstré start of daylight period, freeze-dried,
ground in liquid nitrogen and stored at -20°C uosk. For each sample, five mg of powder
was suspended in 6QA. of methanol:chloroform solution (2:1, v/v) andxad for 1.5 min.
Samples were transferred to -20°C for 10 min be#uding 400uL of cold (4°C) water.
Samples were mixed vigorously for 1 min, and cémged twice for 5 min at 4,009 (4°C).
One hundred and twengylL of upper aqueous phase, containing polar metmsolwere
transferred to chromatographic glass vials and waedried (MiVac, Genevac Ltd., Ipswitch,
England). Derivatization of extracts was condu@sgbreviously described (Serra et al., 2013;
Supplementary Method S1), using a CTC CombiPal sampler (GERSTEL GmbH and
Co.KG, Milheim an der Ruhr, Germany), ensuring igbah derivatization time and process
for all samples. Extracts were analyzed using gaonsatography mass spectrometry
(GC/MS). GC/MS system consisted of a Trace GC UWitreomatograph and a Trace DSQII
quadrupole mass spectrometer (Thermo Fisher Shteritic, Waltham, MA, USA).
Parameters of injection and chromatography werelairto those described in Serra et al.
(2013) (Supplementary Method S1). Detection waseaell using electron impact ionization.
Temperature of the ion source was set at 250°CMf8dransfer line at 300°C. Peaks were
accurately annotated using mass spectra (two gpeéwifs) and retention times. Calibration
curves were established with 61 pure reference oomgs (Supplementary Table S1) at 1, 2,
5, 10, 20, 50, 100, 200, 500, 750, 1000, 1500 &8) 21M. Each metabolite was quantified
according to its corresponding calibration curveing XCalibur v2.0.7 software (Thermo
Fisher Scientific Inc, Waltham, MA, USA) and exmed in nmol per mg dry weight (DW).

Statistical analysis

Physiological and metabolic parameters were medsurat least 5 independent replicates of
at least 10 individual plantlets. Statistical asaly were carried out with version 3.0.1 of R
software. Pairwise comparisons of means used thepaametric Mann-Whitney-Wilcoxon
test. In order to characterize relationships betw&eatments and responses, principal
component analyses (PCAs), based on correlationixnait averages (Ramel et al., 2009;
Serra et al., 2013), and hierarchical classificetiovere carried out using the FactoMineR
package of R. In order to compare variations betviesatments, relative levels of responses
against control condition were calculated using.(i@gio). Metabolic responses between

treatments were compared by performing heatmaghgandrchical clustering with EPCLUST
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software using correlation measure-based distarmed average
physiological trait-physiological trait, physiol@gil trait-metabolite,

metabolite correlations were determined by Peatsorelation analysis.

linkage. Pair-wise
and metabolite-
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RESULTS

Effects of subtoxic levels of environmental pollutants on growth and devel opment

The experimental set-up involved root applicatidrelvemical stressors and parallel analysis
of root growth and leaf growth, which, rolium perenngrespectively rely on the root apex
(Gonthier and Francis, 1989) and on the base ofjtbwing leaf (Kavanova et al., 2008).
Chemical stressors were applied to germinating sseetl root systems at no-observed-
adverse-effect-levels (NOAEL; Dorato and Engelha2@05) for PSII efficiency, chlorophyll
levels, carotenoid levels, and root growth undendtions of transfer exposure, where
seedlings grown during 7 d in control medium weubjacted to root-level application of
chemical stressors during 4 d (Fig. 1A-D). Theselkof chemical stressors were at least 20-
fold lower than EC (effect concentration)50 valdesthese parameters under conditions of
transfer exposure. Such levels also correspondedotobserved-adverse-effect-levels for
PSII efficiency under direct exposure (Fig. 1H),end germination and seedling growth
occurred in the presence of chemical stressors.edery direct exposure conditions had a
much greater impact on root length (Fig. 1E), leafgth (Fig. 1F), and photosynthetic
pigments (Fig. 1G). Leaf length responses undexctliexposure showed the same trend as
those observed under transfer exposure, thus tntficéhat transfer and direct exposures
reflected different intensities of chemical strésig. 1B, F). However, in a study of long-term
(30 day) growth,Lolium perenneseedlings maintained development under thesesleel
chemical stress, or even escaped major root grawtibition in the case of AMPA, thus
confirming that exposures to chemical stress weabgoxic (Fig. 2).

The impact of treatments depended on type of moiluton physiological trait and on
modality of chemical exposure (Fig. 1). Root lengifis particularly responsive to chemical
stress under conditions of direct exposure, withoélthe chemical treatments inducing
significant decrease of growth, except fluorantharach induced increase of root length
(Fig. 1E). Differences of root length between colstrof direct and transfer exposure
experiments suggested that root growth was seegiivnechanical processes that may occur
during transfer protocol. However, these effectd dbt result in greater sensitivity to
chemical stress (Fig. 1A, E). Direct exposure t@pss, glyphosate and its degradation
product AMPA showed the same extent of negativearhgor root length (Fig. 1E) and
photosynthetic pigment levels (Fig. 1G), withoufieafing leaf length (Fig. 1F). Leaf length

was slightly decreased by fluoranthene, thus cetitigwith its positive effect on root length.

10
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Glyphosate-tebuconazole mixture (GT) induced a nmagative effect on root length than
observed for each pollutant alone, although theltoed effect was not strictly additive (Fig.
1E). In contrast, length of elongating leaves waslarly negatively affected by tebuconazole
and glyphosate-tebuconazole mixture whereas glgibpsalone or in combination with
tebuconazole, did not have any effect (Fig. 1F)lophyll levels were negatively affected
by glyphosate, whereas tebuconazole showed avmositiect and lifted the negative effect of
glyphosate (Fig. 1G). Such differential respongethése treatments were observed for PSII
efficiency with no effect of glyphosate and glypatestebuconazole mixture (Fig. 1H). PSII
efficiency thus showed no adverse effect of chemgtaess, with only AMPA and
tebuconazole inducing a slight increase (Fig. Mgintenance of PSII efficiency at or above
control level indicated that photosynthesis remaiaetive in the presence of the different
chemicals under the conditions of exposure applléd: present range of chemical stresses
therefore seemed to act primarily on growth andettgpment rather than on photosynthesis.
Comparison of effects of direct chemical stresgaot length and leaf length indicated that
glyphosate, AMPA and copper had stronger impactsoonh growth, whereas tebuconazole

and, to a lesser extent, fluoranthene, had strangeacts on leaf growth (Fig. 1E, F).

Subtoxic levels of chemical stressors cause major metabolic shifts

Metabolomic analysis of a set of 61 metabolites \wasformed to reveal discriminant
components of metabolic responses to chemicalsstiReot and leaf metabolic profiles,
resulting from treatments and exposure modalitlese analysed using PCA and associated
hierarchical classification. Major metabolic vaieais separated samples into four response
patterns corresponding to each kind of tissueseapdsure conditions (Supplementary Figure
S1). Metabolic patterns were determined firstlytiy nature of the tissue (root or leaf), then
by the type of chemical stress exposure, and fjina}l the nature of the chemical stressor
(Supplementary Figure S1), showing that subtoxienubal stress did not deeply modify
general metabolic signatures of organs and expasadalities.

Metabolic responses were separately analysed 3frigr each type of exposure and for each
organ. All of the chemical stressors caused majetabolic variations in both roots and
leaves, whatever the type of exposure. Under comditof transfer exposure, chemical
stressors induced metabolic changes (Fig. 3A, Bhénabsence of significant physiological
impact (Fig. 1). Copper, glyphosate or its degradaproduct AMPA caused, under transfer
exposure, important metabolic changes in leavaes @) without any physiological effect on

leaf growth or photosynthesis (Fig. 1B, D). Undenditions of direct exposure, chemical

11
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stressors induced metabolic changes in the abs#nsignificant impact on photosynthesis
(Fig. 1G, H). Some response patterns showed clostasties: in root tissues, transfer and
direct exposures resulted in great proximity fontcol and AMPA, and for glyphosate and
glyphosate-tebuconazole mixture (Fig. 3A, C). Imtcast, the distance between fluoranthene
and tebuconazole greatly differed between trarahel direct exposures in the case of root
tissues. Divergences in metabolic profiles of poély close chemical treatments were also
found. The glyphosate degradation product AMPA wever associated to its parent
compound glyphosate (Fig. 3). Similarly, tebucon@awas disconnected from glyphosate-
tebuconazole mixture, despite their close physioklgmpacts (Figs 1, 3). Finally, in some
cases, such as the effects of AMPA on root or gplgbsate-tebuconazole mixture on leaf,
global metabolic patterns were close to the cor(ff@. 3C, D) despite major physiological
effects (Fig. 1E, F).

Coordination of metabolome changes under conditions of subtoxic chemical stress

Among the 61 metabolites that were analysed andtijeal, 42 showed significant variations
in relation with at least one of the chemical dréseatments. Variations of these 42
metabolites relatively to control [le@atio)] were classified by hierarchical clusterabsis
(HCA) in order to define for each metabolite a gattof chemical stress response across the 6
different stressors, the 2 modalities of exposucettae 2 organs (Fig. 4). This HCA of the 24
analyses separated metabolites into distinct aliséad subclusters of chemical stress
responses that were grouped into 8 general cludféig 4). Several clusters were
characterised by strong relationships between dadmétes, such as tight clustering of TCA
(citrate, succinate, fumarate; cluster F), of foset (Fru) and glucose (Glc) (cluster G), or of
Fru-6-P and Glc-6-P (cluster C). On the other hasidstering of co-metabolites and of
unrelated metabolites, such as Trp and inositolstel F), pointed out to potential regulatory
networks (Fig. 4).

Highly-contrasted clusters, such as clusters ABued one hand, and clusters G and H on the
other hand, were characterized, respectively, hyege increase and general decrease of
metabolite levels in response to chemical stresgdre N-rich amino acid Asn (cluster A)
showed significant increase across most of the itond, thus indicating that nitrogen re-
distribution and mobilization were important feasirof chemical stress responseLin
perenne Clustering of Met with Asn could be ascribed t® positive variations, which were
however much more limited than these of Asn, andh® absence of major negative

variations. Cluster B consisted of a set of aminmsincluding all of the branched-chain

12
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amino acids (Leu, lle, Val), two aromatic aminodsc(Tyr, Phe), and Lys, in association with
glycerol and phosphate. It was characterized byncomincrease in leaf across all chemical
stressors in at least one exposure condition. Marealuster B metabolites increased in
roots across several chemical stressors (G undsatdixposure, and GT, T, and F under both
transfer and direct exposures), which may alsceecefthe importance of root metabolism
perturbations under conditions of subtoxic chemstedss (Fig. 5, Supplementary Figure S2).
In contrast, ribose and glycerate in, respectivelysters G and H showed significant
decrease across most of the conditions. Moreoleribose-associated cluster, as well as the
glycerate-associated cluster, comprised stresgetklaetabolites [gamma aminobutyric acid
(GABA), Pro, pipecolate] thus suggesting that cleainistress responses involved
remodelling of general abiotic stress responsesati@ns of Ala in cluster H may be in line
with remodelling of nitrogen metabolism that waghtighted by clusters A and B.

Metabolites from cluster C to cluster F exhibitealied responses of increase or decrease
depending on treatments. Some compounds showedehan very low amplitude. This was
especially the case for arabitol and sorbitol @@ud). In contrast, all of the chemical
stressors increased lactate levels (cluster Dpth oots and leaves, in at least one modality
of exposure, thus pointing out to glycolysis andrgg dysfunction. Cluster E comprised a set
of amino acids, including Asn co-metabolite Aspd arther N-rich compounds, such as the
polyamine precursor ornithine and the polyaminergagine. Interestingly, this cluster of
amino-compounds included the disaccharides Suc @rgj thus indicating potential

importance of carbon and nitrogen relationships.

Specific effects of chemical stressors on metabolite levels

Some compounds showed contrasted variations aogptdithe nature of chemical stressor,
thus giving important insights into specific effedf a given chemical (Table 1). In addition

to inducing the highest increase of Asn levels (®Id in leaves, Fig. 5, Supplementary

Figure S2), AMPA led to a strong decrease of geinatshikimate pathway component, in

leaves (3.6-fold, Fig. 5, Supplementary Fig&®). In contrast, glyphosate, which targets a
key step of shikimate pathway and aromatic amingd synthesis, caused significant increase
of quinate levels in roots, but not in leaves, eithlone or in association with tebuconazole
(Fig. 5, Supplementary Figure S2). Such specificatians of quinate suggested particular
interference of glyphosate and AMPA with the shi&ie pathway, despite the absence of
major effects on levels of aromatic amino acidse(Pryr, Trp) (Fig. 5, Supplementary Figure

S2). Another striking effect of AMPA was a nearlfdld decrease of cell wall metabolite

13
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arabinose in roots (Fig. 5, Supplementary Figh2®. Significant decrease of citrate and/or
succinate was observed in roots of tebuconazolé-capper-treated plants, thus suggesting
TCA cycle depression and mitochondrial respirataysfunction (Fig. 5). Fluoranthene
treatment was characterised, under conditionsaofster exposure, by accumulation of Fru,
Glc, and Ser in roots and leaves, confirming mabanges in carbon and nitrogen
metabolisms (Table 1, Fig. 4, Supplementary Figs@@ Accumulation of Pro and soluble
sugars in fluoranthene-treated leaves pointed oybassible osmotic stress, although the
levels of other metabolic markers of osmotic stressponse, such as polyols, were not
affected (Figs 4, 5). Fluoranthene-enhanced rami/tr, associated with accumulation of cell
wall metabolite arabinose in roots under transkg@osure, may thus represent increased water
exploration resulting from osmotic stress respo(iSgs 1, 4, Supplementary Figu&?).
Action of fluoranthene was also characterised lopal increase of ethanolamine, potentially
indicating changes in phospholipid metabolism urideranthene treatments (Supplementary
FigureS2).

I dentification of metabolic drivers of physiological responsesto chemical stress

In order to determine whether physiological respsn® chemical stress were related to
metabolic changes, organ-specific trait-metabd®iarson correlations were carried out (Fig.
6, Supplementary Table S2). This correlation apgrohighlighted global trends in
relationships between metabolites and trait regmngather than chemical stressor
specificities. Leaf length was significantly negaty correlated to only one metabolite in
leaves, Glc-6-P. In contrast, leaf chlorophyll lewas positively correlated to Glc-6-P, and
also positively correlated to several metabolitesloster B (Fig. 4), mainly represented by
amino acids (Val, Leu, Phe, Lys, Tyr) and glycetol,putrescine (cluster E), to arabinose
(cluster F), and to pipecolate (cluster H) (Fig.Stipplementary Table S2). Putrescine and
pipecolate are metabolites that generally incremsker stress (Hummel et al., 2004; Servillo
et al., 2012). However, under chemical treatmemiisicing significant, but limited, pigment
loss (A, G, Cu; Fig. 1G), their levels were decesh§Supplementary Figure S2). Thus, in
accordance with chlorophyll-amino acid correlati§fgy. 6), responses to chemical stress in
Lolium perennewere related to carbon and nitrogen metabolicraegement rather than to
induction of stress response metabolic pathwaysohtrast, under tebuconazole treatment,
which increases chlorophyll levels (Fig. 1C, Gxraase of these amino acids may indicate
metabolic adaptation rather than proteolysis-rdl@ensitivity (Fig. 5, Supplementary Figure
S2).

14
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Leaf length was negatively correlated to severatabwdites in root, the most highly
correlated being the amino acids Asn (cluster A)s,Ule, and Tyr (cluster B) (Fig. 6,
Supplementary Table S2). Although links betweenalmgtite levels in root and leaf growth
were not direct, such strong negative correlatwits amino acids, in particular with N-rich
amino acids such as Asn and Lys, highlighted thpomance of root-shoot relationships
under conditions of chemical stress. A negativeetation was also found with Ser (cluster
E), which is a central amino acid involved in phregpiration and in synthesis of glutathione
components.

No significant correlation was found between rosmdth and metabolite levels in roots.
However, root length exhibited positive correlaowith two metabolites quantified in
leaves, Pro (cluster G) and quinate (cluster Dy.(lB, Supplementary Table S2). These
positive correlations indicated that negative @feaf chemical stress on root length were
associated with decrease of Pro or quinate levelsaves, although their accumulation has
been reported under abiotic or chemical (herbicaélopathic compounds) stresses in
Arabidopsis thaliana Nicotiana tabacumand Pisum sativum(Verbruggen and Hermans,
2008; Orcaray et al., 2010). Variations of Pro guehate levels in leaves thus reflected a
reorientation of leaf metabolic pathways in relatto root growth impacts. Since Pro is one
end-product of amino acid synthesis, and quinata reserve compound of the shikimate
pathway for aromatic acid synthesis (Orcaray et 2010), these variations may reflect

perturbations of root-shoot nitrogen dynamics.

M etabolite-metabolite correlations highlight the importance of carbon-nitrogen regulations

In order to reveal metabolic networks involved emical stress responses, a global pair-
wise metabolite-metabolite correlation matrix wadcualated (Supplementary Table S3), by
Pearson correlation analysis of the complete sairgén- and modality-related metabolite
data. Most of the physiological trait-correlatedtab®lites (Fig. 6) were correlated (p < 0.05),
mainly positively, with a range of metabolites asdhe eight clusters (Figs 7, 8). Among
these fifteen metabolites, eleven metabolites (Ueys, Val, Tyr, Phe, lle, quinate, Ser,
arabinose, Pro, and pipecolate) exhibited similar @ose correlation networks
(Supplementary Table S3), mainly integrating amaomls (Met, lle, Tyr, Leu, Lys, Val, Phe,
Ser, Thr, Gly, Asp, Glu, Trp, Ala), carbohydrate taimlism compounds (Glc, Fru, Tre,
TCA), stress metabolites (arabitol, inositol, REABA, pipecolate), and compounds such as
arabinose, ethanolamine and quinate. Putrescingbieecth a close, but more restricted,

correlation profile, with only ten correlations wlving amino acids, TCA, and stress
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metabolites. The least correlated metabolite was, Aghich exhibited five correlations,
mainly with metabolically-close amino acids suchitasdirect precursor Asp and also Ser,
Thr, and lle. Except for copper and glyphosate urinsfer exposure, chemical stressors
induced Asn accumulation, which was almost systiealft correlated to increase of these
metabolites (Figs 5, 7, Supplementary Figure 3js tonfirming predominant roles for Asn
and nitrogen metabolism in chemical stress resgonsé. perenne This correlation level
observed in the global matrix was extended by clemgig organ-specific correlation
matrices. Asn was negatively correlated to quimateaves, and positively correlated to Glc-
6-P, Fru-6-P and Fru in roots (Supplementary T&2le

In the global correlation matrix, physiological itreorrelated metabolite Glc-6-P exhibited
the most differentiated correlation profile, witlo rcorrelation with amino acids and, in
contrast, with numerous correlations with carbobtels (Fru-6-P, Tre, Suc, Fru) and stress-
related metabolites (lactate, arabitol, sorbitohithine, pipecolate) (Figs 7, 8, Supplementary
Table S3). Nevertheless, considering modality-gjpectorrelation matrices analyzing
separately transfer and direct exposure-related, @t-6-P was negatively correlated to key
metabolites previously identified by metabolite-piojogical trait correlations (amino acids,
TCA, stress metabolites, arabinose, quinate; Supmt¢ary Table S4). This was also the case
for Fru-6-P, which exhibited, for both transfer aditect exposure modalities, negative
correlations to physiological parameter-correlatadtabolites (Supplementary Table S4).
Additionally, Fru was positively correlated to tekame correlated metabolites, except Asn, in
the global correlation matrix (Supplementary TaBR), thus highlighting the importance of
soluble and phosphorylated sugars in metabolicoresgs to chemical stress.

The disaccharide Tre, whose levels generally irrg@an response to all types of chemical
stress (except in the presence of tebuconazole),civaracterized, like ribose, by a majority
of negative correlations (25 against 5 positiveradations) (Figs 7, 8). Variations in Tre
levels were closely linked with variations of almhadl of previously-cited metabolites (Leu,
Glc, Ser, succinate, Glc-6-P, Ala), thus suggestingentral role of Tre, as represented in
Figure 8, in spite of low concentration and weakiataons (Supplementary Figure S2). Tre
was negatively linked to succinate, with depletionsncreases of this highly variable TCA
being associated, respectively, with increaseseptetions of Tre in most cases (Figs 4, 7).
Tre was negatively correlated to Glc, which cowflect direct transformation of Tre into Glc
by trehalase. In contrast, no correlation was fobetiveen Tre and Suc, in contrast with
studies showing parallel variations of Suc and[drerehalose-6-phosphate (Tre-6-P)] (Lunn

et al., 2014). One of the positive correlationsileitéd by Tre was with its precursor Glc-6-P,
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which can generate Tre-6-P and then Tre througtbawed activities of Trehalose-phosphate-
synthase (TPS) and Trehalose phosphate phospli@aRBEg (Figs 7, 8). However, comparison
of relative levels of Tre and other correlated rbeties, such as Glc and Glc-6-P, did not
show causal and strict relationships, thus suggshiat these convergent correlations could
be attributed to more central regulatory rolesTia, or Tre-6-P.

Considering correlation networks between solublgass (Fig. 8), the highest correlation was
found for Glc-6-P and Fru-6-P, which exhibited daniincreases in response to all of the
chemical stressors, except glyphosate. Suc andn@ie positively correlated, their levels
being increased by AMPA, and decreased by glypkopdabuconazole, or copper. The
patterns of Glc and Fru, which are directly depends Suc metabolism, were similar for
most chemical stress conditions. Neverthelesselation between Suc and Fru was not
significant, thus suggesting that Glc and Fru lgevebuld be regulated through stress
mechanisms involving Glc-6-P and Tre pathways. Aomfzature of chemical stress response
in Lolium perennewas therefore the modification of carbohydrate abelism, leading to
decrease of Suc, Glc (which are among the 13 higduiiable metabolites with Leatio)>1

or <-1; Supplementary Figure S2, Fig. 5) or Frielsyglobally correlated with accumulation
or maintenance of Tre, Fru-6-P and Glc-6-P.

Carbohydrate metabolism was linked to amino acidabwism, with Tre being negatively
correlated to Leu and Ser (Fig. 7). Leu decreadeawes was associated to Tre accumulation
in the presence of AMPA (Fig. 5). Leu belongs tartmhed-chain amino acids (BCAA,; lle,
Leu, Val), which were grouped in cluster B, and @vstrongly interconnected. Simultaneous
increase of Leu, lle and Val levels in respons&etuconazole (Fig. 4), or their concomitant
decrease in leaves under direct exposure in resgonsopper (Fig. 4), indicated coordinated
changes of BCAA catabolism. Cluster B metabolité®wed the greatest number of
correlations with other metabolites. Leu was puwsilii correlated to chlorophyll levels (Fig.
6) and to 27 metabolites, among which Ser andislaite pathway derivative quinate.

Ser (cluster E) was among the most highly variablketabolites [Log(ratio)>1 or <-1;
Supplementary Figure S2, Fig. 5] and was highlyuaudated in response to fluoranthene
and tebuconazole. Ser exhibited 33 significantatations, among which there were only two
negative cases, with Tre and ribose (Fig. 7), aad strongly positively correlated to Gly and
Glu, which are close photorespiratory intermediategeed, levels of these amino acids
increased in response to most of the chemicalsstresinder at least one condition, except for
glyphosate treatment and copper treatment where tiecreased jointly (Fig. 5,

Supplementary Figure S2). Ser was positively cateel to Asn and Ala, which constitute
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471 amino group donors for synthesis of the photorasmiy intermediate Gly (Fig. 7). These
472  correlations may confirm involvement of the phosmieatory pathway in chemical stress
473 responses, and highlighted the importance of SestdPespiration and N status, which were
474 closely connected and regulated, thus seemed yamjfaortant roles in responses to chemical
475  stress in Lolium.

476
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DISCUSSION

Chemical stressors at subtoxic levels have major impacts on growth and metabolic
composition

Subtoxic levels of chemical stressors induced Bmmt physiological effects irolium
perenne The extent of these effects depended on typeltditpnt, on modality of exposure,
and on physiological trait. Parallel investigatiohphysiological modifications in roots and
leaves for different chemicals highlighted primanpacts of chemical stressors on roots, the
first organ exposed to stress, across varioussstresand across various modes of action.
Leaf-related parameters (leaf length, pigment gusje exhibited intermediary sensitivity to
chemicals. In contrast, PSII efficiencfrW(Fm) remained unaffected by the different
treatments under conditions of transfer or direqgtosures (Fig. 1D, H). Although a species-
specific effect oLolium perenneould not be excluded, this result suggests |lawsisigity of
PSII efficiency to low or sublethal levels of cheaili stressors, contrasting with its wide use
as chemical stress marker under high exposure [gvedt al., 2013; Mateos-Naranjo and
Perez-Martin, 2013; Kreslavski et al., 2014). Lmtensity chemical stress therefore seems
to act primarily on growth and development ratheant on photosynthesis, thus suggesting
that developmental processes may be importanttsaofjsubtoxic chemical stress.

Although transfer and direct exposures led to simitends across treatments, in terms of
physiological responses, direct exposure inducedenpmonounced effects than transfer
exposure. These results could be related to intewdi chemical stress, and to levels of
chemical stress sensitivity. Exposure modalitiéieceed different durations of exposure, with
a nearly three times longer exposure for direciosype. Exposure modalities differed in the
developmental stage at which Lolium was submittednemicals, since direct exposure was
applied to seeds, whereas transfer experimentstadf@-d-old plantlets.

Subtoxic levels of chemical stressors induced nudi@aleffects that did not overrun general
metabolic signatures of plant organs and of exposusdalities (Supplementary Figure S1).
Nevertheless, metabolic analysis of roots, whichhewhe primary site of exposure, under
direct exposure (Fig. 3C), which gave the mostniséephysiological effects (Fig. 1), revealed
different types of chemical stress responses: ipveintensity response highlighted by
AMPA, ii) a glyphosate response (G, GT) characegtiby quinate accumulation, iii) a heavy-
metal response characterized by citrate and suecoepletion, and iv) a cyclic-compound
response (F, T), characterized by putrescine aclatimn. These metabolic changes, not

deeply altering the global plant metabolome, antlotg with maintenance of plant growth
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(Fig. 2), were likely to reflect chemical stressjustinent rather than deregulation of
homeostasis, leading, under long-term exposur@vtadance of root growth inhibition for
most of chemical stressors (glyphosate, tebucoaazopper) (Fig. 2).

The effects of chemical stressors, such as thakead by AMPA, the degradation product of
glyphosate, led to important changes of metabadimmosition, especially affecting amino
acid and sugar compositions, which are major coraptsnof ryegrass nutritional quality for
herbivores (Barbehenn et al., 2004). It was notdwothat such changes of metabolic
composition could occur in the absence of majorsphggical impact, as was the case for
transfer exposure and for some of the direct exgosaatments (Figs 1, 3), thus emphasising
that assessment of chemical stress impact in theoement should integrate a wider range
of parameters than PSII efficiency, chlorophyllgptant growth. Perennial ryegrass is a major
component of grazed pastures and of grasslandshwiloiver a large fraction of Earth’s land
surface (Barbehenn et al., 2004). The chemicatstrs that were shown in the present study
to affect ryegrass, in terms of growth/biomass ahohetabolite contents (i.e. soluble sugars,
amino acids), are part of diffuse pollution probseassociated with agriculture (Dévier et al.,
2011). Discrete adjustments of grassland specidgftese soil pollution may have important
consequences on grassland functions, such as bexbmutrition (Barbehenn et al., 2004),
carbon sequestration and global change mitigati@tiberté and Tylianakis, 2012). In this
global context, understanding the mechanisms ofjrags-xenobiotic interactions is of

primary importance.

Comparative analysis reveals novel mechanisms of action of chemical stressors

Metabolomics has been used in pesticide and bitatguesearch to study modes of action
of chemicals and associated metabolic responsesg@ann et al., 2012). Most studies have
been carried out on one chemical or a few closenddas affecting known cellular targets.
The present work showed that parallel metabolomigestigation of different chemical
stressors was useful to discover common and spe@Bponse patterns, including novel
effects that could not be inferred from commonlyp¥m modes of action. General chemical
stress responses consisted in a systematic oreinégucrease of key amino acids, among
which N-rich amino acid Asn, branched-chain amimids and Lys, and in a systematic
decrease of glycerate and Ala (Figs 4, 5). Undenubal stressl.olium perenneunderwent
metabolism reorganization rather than stress resporduction, commonly characterized by
stress metabolite accumulation (Fig. 6). None @& kiey metabolites involved in general

chemical stress responses was significantly caeele root or leaf physiological parameters
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(Supplementary Table S2), thus suggesting thatiplogscal responses may be more related
to specific actions of each chemical stressor rdtten to a general metabolic response.
Besides common responses, chemical stressors shdpeeific metabolite variations (Table
1), thus highlighting potential novel modes of anti Glyphosate, inhibitor of the shikimate
pathway (Gomes et al., 2014), generated large adation of quinate in roots, contrasting
with its absence of effects on aromatic amino aeils (Phe, Tyr). Maintenance of these
EPSPS inhibition markers could be ascribed to level of glyphosate exposure (Serra et al.,
2013). However, quinate accumulation in glyphosedated pea seedlings has been reported
to result from glyphosate-induced modification @frlwon flux in the direction of quinate
synthesis (Orcaray et al., 2010). Glyphosate toxmuld originate from high quinate level in
root, associated with shikimate pathway deregutatieading to shoot and root growth
inhibition (Orcaray et al., 2010; Zulet et al., 3)1This characteristic quinate accumulation
was maintained under glyphosate-tebuconazole n@xtwhich resulted in root growth
inhibition. Glyphosate also affects cell divisiam sea urchin by impeding activation of cell
cycle regulator CDK1/cyclin B (Marc et al., 2008ince CDKs and cell cycle checkpoints
are universal in eukaryotes, root growth inhibitioh Lolium perenneunder glyphosate
treatment may reflect action of glyphosate on metistem activity and cell division. AMPA
was also found to inhibit root growth (Fig. 1). Hewer, analysis of related metabolic profiles
indicated different modes of action in comparisorits parent compound glyphosate, since
AMPA led to large quinate depletion in leaves (Fig.Supplementary Figure S2). Such
guinate variations could be due to shikimate payheaegulation, or redistribution of carbon
by this highly translocable carbon form (Orcarayakt2010). AMPA also led to arabinose
decrease in roots (Fig. 5), clearly highlightindgl eeall metabolism disturbance with potential
significant impacts on root growth (Fig. 1). Givére structural analogy of AMPA with the
amino acid Gly (Serra et al., 2013; Gomes et 8142, cell wall disturbance could originate
from AMPA-induced imbalance in glycine-rich proteifGRPS) in cell walls. GRPs are
induced under stress and are hypothesized to ohtexéth signalling pathways, thus
suggesting a potential role as cell wall structtegulator (Caffall and Mohnen, 2009).
Regarding Lolium metabolic profiles, AMPA alteredy@etabolism dynamics as previously
reported (Serra et al., 2013). However, wherelslito Gly depletion irArabidopsis thaliana
(Serra et al., 2013), it globally increased GlyelsvinLolium perenndFig. 5, Supplementary
Figure S2).

Metabolic profiles induced by some chemical stressmfirmed previously reported modes

of action. Copper treatment induced, under diregiosure, TCA depletion in roots, which
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could originate from increasing energy demand fdrPAsynthase and ATPase-dependent
copper exclusion (Li et al., 2013; Lin et al., 2D18s well as from release of citrate- and
succinate-containing root exudates for metal cowgtien (Meier et al.,, 2012).
Tebuconazole, which decreases gibberellin levelstgyacting with cytochrome P450 in the
phytosterol biosynthesis pathway (Child et al., 3;9%mb et al., 2001), also affected TCA
levels (Table 1), as described by Ribeiro et aD1@ in the case of paclobutrazol, a
gibberellin biosynthesis inhibitor. TCA levels howee varied differently, increasing in
Arabidopsis thaliandeaves under paclobutrazol, being relatively ungea inArabidopsis
thaliana seedlings under tebuconazole (Serra e2813), and decreasing rolium perenne
root under tebuconazole, thus showing species{fapdaazole responses. Triazoles have
been reported to induce abiotic stress tolerancen(idt al., 2013), triazole-induced inhibition
of gibberellin potentially affecting sugar-relatsgjnalling pathways and growth regulation
(Child et al., 1993; Lamb et al., 2001). Tebucot@azmas hypothesized to improve mRNA
and protein stability and to induce compatible solccumulation, leading to stress tolerance
(Horn et al., 2013). Despite root growth inhibitiamaintenance of high levels of pigment
contents was found for T and GT treatments in compa to G treatment (Fig. 1).
Nevertheless, no clear accumulation of compatibdutes was observed (Fig. 5,
Supplementary Figure S2), suggesting that intemastbetween chemicals may interfere with
expected positive effects of tebuconazole. Inde#fdcts of glyphosate-tebuconazole mixture
likely resulted in a mix of deleterious effects sihgle chemicals, mainly characterized by
inhibition of root and leaf growth associated wifhinate and Asn accumulation, and TCA
depletion (Figs 1, 4, 5, Supplementary Figure SZhally, increase of Ser levels by
fluoranthene (Fig. 5) was in accordance with insee@f glutathione levels reported by
Kummerova et al. (2013) in pea and maize. In fogranthene, and more largely PAHSs,
generate, particularly in the meristem zones, neacbxygen species, which must be
detoxified (Zezulka et al., 2013; Kreslavski et @&014). Oxidation of membrane lipids by
PAHs (Kreslavski et al., 2014) may lead to membrdrsturbance that could explain the
osmotic stress response observed in Lolium underdhthene treatment. This osmaotic stress
response was characterized by root growth enhanmderfieég. 1A, E) and leaf Pro
accumulation (Fig. 5), as observed in Lolium segdliunder pyrene treatment (Chigbo and
Batty, 2012), and by arabinose variations, whicly medlect modifications of cell wall pectic
fraction (Mustard and Renault, 2004). Associatioh flmoranthene and tebuconazole
treatments into a cyclic-compound response undaditions of direct exposure (Fig. 3C,

most intense physiological effects) may also beateel to oxidative stress. Indeed, this
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association was characterized by accumulation ef ahtioxidant compound putrescine
(Scandalios, 2005), while fluoranthene generatastiree oxygen species (Kreslavski et al.,

2014) and tebuconazole induces antioxidant sys(gheng et al., 2010).

Reorientation of carbon and nitrogen metabolism is a major feature of chemical stress
response

Our results showed that modifications in carbon mitgen metabolism were key factors in
subtoxic chemical stress responses: (i) N-rich vkas highly accumulated under most of the
chemical stress conditions (Fig. 5, Supplementagyrgé S2), (ii) Asn levels in roots were
negatively correlated with leaf length (Fig. 6)i) (Asn levels were positively correlated with
levels of other amino acids (Fig. 7). In parallelsels of either Glc, Fru or Suc decreased in
response to each of the chemical stressors inaat e of the chemical stress conditions
(Figs 4, 5; Supplementary Figure S2). Such diffea¢nlynamics of Glc, Fru and Suc could
reflect modifications of carbon balance and carbblzation, which were also suggested by
effects of chemical stress on growth (Fig. 1) amdemergy metabolism (Fig. 4). Further
studies should determine whether changes of cdrhlamce entail higher synthesis of storage
carbohydrates, as has been showhadhum perenneunder other conditions of abiotic stress
(Amiard et al., 2003).

Accumulation of Asn has generally been associati¢hl dfferent conditions of abiotic stress
(mineral deficiencies, drought, salt, toxic metaigjere the plant is unable to support normal
protein synthesis (Lea et al., 2007; Maaroufi-Dgueh al., 2011). Jia et al. (2001) have
demonstrated that metsulfuron-methyl herbicide sstréed to impairment of nitrogen
metabolism and increase of Asn levels in soybeaslat®nships between nitrogen
metabolism and soluble carbohydrates have beenrsimoveaves of.olium perenngwhere
nitrogen deficiency was associated with lower sseroontent (Lattanzi et al., 2018ryza
sativa genotypes with contrasting tolerance to zinc deficy and bicarbonate excess also
exhibit decrease of Glc and Fru and increase of Asp, GIn, Val and lle (Rose et al., 2012).
The specific effects of chemical stressors theestacur in association with perturbations of
carbon-nitrogen homeostasis and trans-regulatioglaifal amino acid metabolism, which
may be part of global and common responses to@mwiental stresses.

Asn is important for nitrogen storage and transpamn sources to sinks, especially under
stress conditions of carbon limitation (Lam et 2098). Asparagine synthetase genes that are
involved in Asn synthesis are regulated by levélsasbohydrates (Lam et al., 1998; Foito et

al., 2013). Jia et al. (2001) suggested that Aardcbe a signalling molecule involved in
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sensing nitrogen status. Moreover, Asn has beeractegized as an ammonia detoxification
product (Lam et al., 1998; Lea et al., 2007). luldothus be important to determine whether,
under conditions of subtoxic chemical stress, giéro mobilization is associated with
ammonia toxicity and to what extent Asn accumutagtays a signalling role in orchestrating
metabolic adjustments.

Asn, which is an amino group donor for synthegiplmtorespiratory intermediate Gly, was
positively correlated to Ser (Fig. 7). This wasoatke case for Ala, another amino group
donor for photorespiration. Asn accumulation uncleemical stress and such metabolic and
functional correlations pointed out to involvememtphotorespiratory pathway regulation in
chemical stress responses Linlium perenngin line with previously-described effects of
environmental stresses on other plant species @oal., 2013), and highlighted the
importance of Ser, which was recently describeda asetabolic signal for transcriptional
control of photorespiratory pathway genes in Arabgls (Timm et al, 2013).
Photorespiration metabolism and nitrogen statusiclwlare closely connected and co-
regulated (Florian et al., 2013), are thereforeljikio play important roles in responses to
chemical stress iholium perenngthus emphasising the need to improve current keubye

on photorespiratory processes in C3 grasses. Batioms of nitrogen nutrition affect leaf
growth of Lolium perenne(Kavanova et al., 2008). Because of the negatmeelations
between leaf growth and Asn and Ser levels in r@btg. 6), it would be important to
investigate potential involvement of these two aragids in root-shoot signalling, especially
under chemical stress conditions primarily affegtnoot systems. It was noteworthy that a
major common response to all of the chemical sbtressvas the depletion of two
photorespiration-related compounds, Ala and glyeer@&lorian et al., 2013). Given the
importance of photorespiration increase in abistiess responses (Voss et al., 2013), this
depletion may indicate potential perturbations adi@ive mechanisms in chemically-stressed

ryegrass.

Coordination of chemical stress responses is associated with complex networks of
correlations between amino acid and soluble sugar dynamics

The important metabolic changes described above sl@own to be strongly interconnected
(Figs 7, 8), thus indicating underlying mechanismhgegulation for coordination of amino
acid, photorespiration and carbohydrate dynamiadeuronditions of subtoxic stress. As
shown in Fig. 7, all of the metabolic responseteltsswere interconnected through significant

correlations that converged towards cluster E, @ajhe towards Ser, which showed an
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extended network of positive correlations (Fig. @hd towards Tre, which showed an
extended network of negative correlations (Figs8Y, Ser was significantly correlated
(Supplementary Table S3) with Glc (r = 0.76) andhwsuc (r = 0.74). The dynamics of
soluble sugars, Glc-6-P and Fru-6-P was structaged Suc/Glc nexus in interaction with a
Fru/Fru-6-P/Glc-6-P/Tre nexus, both nexus beingered on a negative Glc/Tre correlation
(Fig. 8). All of these relationships suggested gtatss-induced physiological and metabolic
changes (Figs 6, 7) could be modulated by diffemértynamics and interconversion of
soluble sugars. The central position of these araai and soluble carbohydrate correlations,
especially those involving Ser and Tre, revealedehaspects of chemical stress responses
that are seldom taken into account. Finally, theegration of Glc-6-P regulation in the
network of soluble sugar dynamics could be relatethe stability and buffering of Glc-6-P
levels under subtoxic chemical stress (Fig. 5). Tégulation of this stability may be an
important determinant of the long-term adjustmdritaium perenndo chemical stress (Fig.
2).

Such metabolic and physiological correlations cesult from combinations of metabolic,
regulatory and signalling relationships (Obata Bathie, 2012). Glc-6-P is a major metabolic
intermediate (Valluru and Van den Ende, 2011; Ssprioann et al., 2012) and an allosteric
regulator of enzyme activities (Toroser et al., @00GIc-6-P can interact with signalling
systems, as substrate for the synthesis of thalsiiggm metabolite Tre-6-P (Lunn et al., 2014;
Yadav et al., 2014) and as potential inhibitor bé tenergy sensor SNF1 (sucrose non-
fermenting 1)-related kinase 1 (SnRK1) (Torosenlet 2000; Valluru and Van den Ende,
2011; Nunes et al., 2013). Soluble carbohydratesived in the central correlations described
above (especially Glc, Suc, Tre) have been assaciaith signalling networks involving
hexokinases (Granot et al., 2014), SnRK1 (Baenaz@lem and Sheen, 2008; Dietrich et al.,
2011; Lunn et al., 2014) or the target-of-rapamy@d@®R) kinase(Lastdrager et al.2014;
Xiong and Sheen, 2014). Ser is a metabolic sigmatranscriptional control (Timm et al.,
2013). All of these signalling regulations provigechanisms of integration between growth,
metabolism and stress responses in cross-talk watmonal regulations (Valluru and Van
den Ende, 2011; Xiong and Sheen, 2014). Their neffects consist in regulation of genes
involved in catabolism (proteolysis, amino acid atatlism, sugar degradation, lipid
mobilisation), especially of genes involved in Aamd BCAA metabolisms (Valluru and Van
den Ende, 2011). As shown in the present work (Big6, 7), changes of Asn and BCAA
metabolisms were indeed important features of cbansitress responseslinlium perenne

Further work is therefore needed to analyse relaligpps between regulation of amino acid
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metabolism genes and SnRK1 functioning under cmmditof subtoxic chemical stress.

Conclusions

Lolium perennavas therefore shown to undergo major metaboliongés under conditions of
adjustment to chemical stresses and in the absd#moajor physiological and developmental
alterations. These changes resulted in major r&@atiens of central carbon (sucrose, glucose,
fructose) and nitrogen (asparagine, branched-chamino acids, photorespiration)
metabolisms. Some of these changes showed cooreatiith slight effects on physiological
traits such as root length and leaf length. Therxbf these metabolic responses did not
however translate into long-term loss of fitnessyst reflecting adaptive flexibility of
metabolism rather than deregulation of cellular ametabolic homeostasis. Moreover, this
metabolic flexibility was shown to occur in resperte diverse xenobiotic and heavy-metal
stresses, indicating common underlying responsehamems. These mechanisms were
associated with complex correlation networks betwamino acids and soluble sugars and
with contrasted dynamic ranges of responses amologelg-related metabolites.
Carbohydrate metabolites such as sucrose showedrtanp variations, in line with other
situations of abiotic stress, whereas other keyabwdites such as Glc-6-P followed a pattern
of limited variations, which may thus be importdinks between metabolic flexibility and
long-term tolerability to subtoxic chemical stress#t was also noteworthy that parallel
metabolomic analysis of diverse chemical stressesaled common response patterns in a
background of differing modes of action and stresgecific mechanisms, thus suggesting
that general lines of defence were induced underihbensity chemical stress. However,
given the wide range of ecosystemic functions aatsst with grasslands and pastures,
higher-level impacts of metabolic changes in chaityestressed.olium perennecannot be

excluded.
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The following supplementary data are availablenhenanline version of this article.

Figure S1. Principal component analysis (PCA) and hierarchidaksification of global
metabolic responses to chemical stressors.

Figure S2.Relative variations of levels of metaboliteslinlium perenneunder chemical
stress in comparison to control conditions (Loagio).

Method S1.Metabolite profiling method.

Table S1.Plant metabolites analysed by GC/MS method.

Table S2.0rgan-specific physiological trait-metabolite andtabolite-metabolite correlation
matrix.

Table S3. Global physiological trait-physiological trait, ysiological trait-metabolite and
metabolite-metabolite correlation matrix.

Table S4. Global and modality-specific Glc-6-P-metabolite artetu-6-P-metabolite

correlation matrix.
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Table 1 Major metabolic effects of subtoxic levels of chemical stressors on Lolium

perenne.

Chemical stressors and stress conditions are tescin Figure 1. Physiological effects are

shown in Figure 1. Major metabolic changes weratifled from response patterns shown in

Fig. 5 and Supplementary Figure S2.

Stressor Physiologicall Major metabolic Organ Potential impact
effects modifications
AMPA Root growth | Quinate depletion Leaf N metabolism disturbance
inhibition Asn accumulation Stress-induced proteolysis
Arabinose depletion |Root | Cell wall metabolism disturbang
Glyphosate Root growth | Quinate accumulationRoot | Quinate toxicity
inhibition
Glyphosate Leaf growth | Quinate accumulationRoot | Quinate toxicity
+ inhibition Asn accumulation N metabolism disturbance

Tebuconazole

Root growth

Stress-induced proteolysis

inhibition
Tebuconazole | Leaf growth | Asn accumulation Leaf N metabolism disturbance
inhibition Stress-induced proteolysis
Root growth | Citrate depletion Root | TCA limitation
inhibition Asn accumulation N metabolism disturbance
Stress-induced proteolysis
Fluoranthene |Leaf growth |Fru accumulation Leaf C metabolism modification
inhibition Glc accumulation N metabolism disturbance
Asn accumulation Stress-induced proteolysis
Ser accumulation Osmotic stress response
Pro accumulation
Root growth | Fru accumulation Root | C metabolism modification
enhancement | Glc accumulation N metabolism disturbance
Ser accumulation Cell wall metabolism
Arabinose modification
accumulation
Copper Root growth | Citrate depletion Root | TCA limitation

inhibition

Succinate depletion

Exogenous metal complexation
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FIGURE LEGENDS

Figure 1. Effects of subtoxic levels of chemical stressors drolium perenne. AMPA (A),
glyphosate (G), tebuconazole (T), glyphosate pilmidonazole (GT), fluoranthene (F) and
copper (Cu) were tested. Values (mean + SEM) of teogth (A, E), leaf length (B, F),
chlorophyll and carotenoid levels (C, G) and P3ficiency (Fv/Fm) (D, H) are shown. In
transfer experiments, seedlings were grown duringy dhder control conditions and then
transferred to fresh medium in the presence of at@nstressors for 4 d (A, B, C, D). In
direct exposure experiments, seedlings germinatetd ggew in the presence of chemical
stressors for 11 d (E, F, G, H). Statistical analyetween means were carried out using the
Mann-Whitney-Wilcoxon test. Statistical significanof differences (P< 0.05) between

treatments is indicated by different letters abloaes.

Figure 2. Long-term effects of subtoxic levels of chemical gssors onLolium perenne.
Chemical stressors are described in Fig. 1. Traasneonsisted of direct exposures where
seedlings germinated and grew in the presenceerhidial stressors for 30 d. Values (mean +
SEM) of root length after 30 d of growth are shomatistical analyses were performed as
described in Fig. 1.

Figure 3. Principal component analysis (PCA) and hierarchical classifications of

metabolic responses of.olium perenne to chemical stressors according to condition of

exposure and to plant organ.Chemical stress treatments are described in FIBCA was

carried out on the correlation matrix of averagésmetabolite levels measured for two
conditions of stress exposure and in two differergans: root (A, TR: root after transfer
exposure) and leaf (B, TL: leaves after transfeposxre) metabolite levels for transfer
experiments; root (C, DR: root after direct expeguand leaf (D, DL: leaves after direct
exposure) metabolite levels for direct exposuresexrpents. Position of chemical treatments,
distribution of metabolic parameters on the firgtng (Dim1 and Dim2) and corresponding
hierarchical classifications are shown. Treatmenbugs obtained by hierarchical

classifications are circled.

Figure 4. Heatmap and average linkage hierarchical clusteringof chemical stress-
responsive metabolitesHeatmap and hierarchical tree result from relatexesls of the 42

metabolites under study [lggnetabolite level under stress/metabolite levelcontrol)]
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according to roots (R) and leaves (L), to six cleahistress treatments (A: AMPA, G:
glyphosate, GT: glyphosate plus tebuconazole, Qudenazole, F: fluoranthene, Cu: copper)
and to two stress exposures [transfer experimenaiid direct exposure (D)]. The first two
letters correspond, respectively, to the type qiosxire and the type of tissue; the letter after
the underscore corresponds to stress treatmenablelées are separated in different clusters
(named A to H) according to hierarchical classtfma

Figure 5. Effects of subtoxic levels of chemical retssors on root and leaf metabolite
concentrations ofLolium perenne. Effects of AMPA (A), glyphosate (G), tebuconaz(le,
glyphosate plus tebuconazole (GT), fluoranthenea(te) copper (Cu) oholium perenneare
shown for direct growth, which induced greater igtpaon all traits (Fig. 1). Values (mean %
SEM) of root metabolite levels and leaf metaboléeels in nmol mg of DW are shown
respectively in grey bars and light bars. For eahabolite, the corresponding cluster (as
defined in Fig. 4) is indicated into brackets.

Figure 6. Involvement of metabolic correlations inthe effects of chemical stressors.
Organ-specific physiological trait-metabolite céateons are shown. For each metabolite, the
corresponding cluster (as defined in Fig. 4) isidatkd into brackets. For metabolites of
cluster B, graphs correspond to underlined mettwoliinserted graphs represent relative
variations of physiological traits or metabolitegasst control conditions [lg§atio)]. Each
inserted graph shows, from left to right, changesrait responses and in metabolite levels
under direct growth and transfer exposure for degditment (A: AMPA, G: glyphosate, GT:
glyphosate plus tebuconazole, T: tebuconazole]uerdnthene, Cu: copper). The Pearson
correlation coefficient (r) for each pair of parders is shown. Asterisks indicate significant
correlations: *R0.05, **P<0.001, ***P<0.0001.

Figure 7. Correlations of chemical-stress-related etabolic networks with carbohydrate,

tricarboxylate and photorespiratory metabolites. Red and green filled arrows represent,
respectively, positive and negative Pearson cdioes between directly-connected
metabolites; red and green hashed arrows represespectively, positive and negative
Pearson correlations between indirectly-connectetabolites. For each cluster, a typical
metabolite is shown. For each metabolite, the spording cluster (as defined in Fig. 4) is
indicated into brackets. Shaded metabolites areeleded to physiological parameters (Fig.

6). BCAA: Branched-chain amino acids; PP: photaraspry pathway; TCA: tricarboxylic
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acid. The Pearson correlation coefficient (r) facte pair of metabolites is shown. Asterisks
indicate significant correlations: #2.05, **P<0.001, ***P<0.0001.

Figure 8. Integration of soluble sugar dynamics andslc-6-P regulation. Red and green
filled arrows represent, respectively, positive amegative Pearson correlations between
directly-connected metabolites in a pathway; redl ameen hashed arrows represent,
respectively, positive and negative Pearson cdioas between indirectly-connected
metabolites. Colorless arrows represent metabddithvpays without significant Pearson
correlation. For each metabolite, the correspandiaster (as defined in Fig. 4) is indicated
into brackets. Shaded metabolites are correlatephysiological parameters (Fig. 6). The
Pearson correlation coefficient (r) for each pdim@tabolites is shown. Asterisks indicate
significant correlations: *#0.05, **P<0.001, ***P<0.0001.
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Supplementary Method S1: Metabolite profiling method

Metabolite derivatization

The dried aliquots were re-suspended in 30 pL of 20 mg L-1 methoxyamine-pyridine
solution, and placed under automatic orbital shaking at 40°C for 1 h. Thirty uL of N-methyl-
N-trimethylsilyl trifluoroacetamide were added and derivatization was conducted at 40°C for
1 h under agitation. All the derivatization process was automatized using a CTC CombiPal
autosampler (GERSTEL GmbH and Co.KG, Milheim an der Ruhr, Germany), thus ensuring
identical derivatization time and process for all samples.

Parameters of injection and of chromatography

The injector temperature was held at 250°C. The oven temperature ranged from 70 to 170°C
at 5°C min-1, from 170 to 280°C at 7°C min-1, from 280 to 320°C at 15°C min-1. The oven
then remained at 320°C for 4 min. A 30 m fused silica column (95% dimethyl siloxane, 5%
phenyl polysilphenylene-siloxane, v/v) was used with helium as the carrier gas at a constant
rate of 1 mL min-1. One microliter of each sample was injected using the split mode (25:1).



Supplementary Table S1: Plant metabolites analysed by GC/MS method

Amino acids Amines
Alanine Cadaverine
Asparagine Dopamine
Aspartate Ethanolamine
Citrulline Putrescine
GABA Spermidine
Glumatate Spermine
Glycine Triethanolamine
Isoleucine Tyramine
Leucine Nucleobase
Lysine Cytosine
Methionine Organic acids
Ornithine Ascorbate
Phenylalanine Citrate
Proline Fumarate
Serine Galactonolactone
Threonine Glycerate
Tryptophane Lactate
Tyrosine Malate
Valine Phosphoric acid

Oses Pipecolate

Arabinose Quinate

Fructose Succinate
Fructose-6-phosphate Polyols
Galactose Avrabitol
Galacturonic acid Erythritol
Glucose Galactitol
Glucose-6-phosphate Glycerol

Maltose

Glycerol-phosphate

Mannose Inositol
Ribose Mannitol
Sucrose Sorbitol
Trehalose Xylitol

Xylose




(A)

Supplementary Figure S1: Principal component analysis (PCA) and hierarchical
classification of global metabolic responses to chemical stressors. Analysis was carried out
on root (R) and leaf (L) metabolic responses of Lolium perenne to two types of chemical
stress exposure [transfer experiment (T) and direct exposure (D)] to various chemical
stressors as described in Fig. 1. PCA was carried out on the correlation matrix of averages of
metabolite levels. The first two letters correspond, respectively, to the condition of stress
exposure and the type of organ. The letter after the underscore corresponds to chemical
treatment, as described in Fig. 1. The position of treatments (A), the corresponding
hierarchical classification (B), and distribution of metabolic parameters on the first plane
(Dim1 and Dim2; C) are shown. The four groups correspond to combinations of the two
exposure modalities with the two organs: TR and TL for, respectively, root and leaves after

transfer exposure, and DR and DL for, respectively, root and leaves after direct exposure.
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Supplementary Figure S2: Relative variations of the levels of metabolites in Lolium
2.5

perenne under chemical stress in comparison to the control condition (Log?2 ratio).
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