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Abstract Herbicides are an invaluable tool for agricul-

tural production scaling up. However, their continuous and

intensive use has led to an increased incidence of herbicide

resistant weeds and environmental pollution. Plant glu-

tathione transferases (GSTs) are tightly connected with

crop and weed herbicide tolerance capacitating their effi-

cient metabolic detoxification, thus GSTs can be biotech-

nologically exploited towards addressing those issues.

However, information on their effects at a ‘‘systems’’ level

in response to herbicides is lacking. Here, we aimed to

study the effects of the chloroacetanilide herbicide alachlor

on the metabolome of wild-type and tobacco plants

overexpressing the soybean tau class glutathione trans-

ferase GmGSTU4. Alachlor-treated wild-type plants This

system, naturally serving the detoxification of endogenous

exhibited an abiotic stress-like response with increased

abundance of compatible solutes, decrease in TCA cycle

intermediates and decreased sugar and amino acid content.

Transgenic plants responded distinctly, exhibiting an

increased induction of abiotic stress responsive metabo-

lites, accumulation of secondary metabolites and its pre-

cursors, and metabolic detoxification by-products

compared to wild-type plants. These results suggest that the

increased metabolic capacity of GmGSTU4 overexpressing

plants is accompanied by pleiotropic metabolic alterations,

which could be the target for further manipulation in order

to develop herbicide resistant crops, plants with increased

phytoremediation potential, as well as efficient manage-

ment of non-target site, GST induced, herbicide resistance

in weeds.

Keywords Herbicide resistance � Non-target site
resistance � Secondary metabolism � Glutathione � Abiotic
stress � Phytoremediation

Introduction

Herbicide applicability in crops is vastly dependent on their

selectivity, being able to control weeds while not affecting

the crop itself. Herbicide selectivity is either based on

target insensitivity (target site resistance) (Devine and

Shukla 2000) or increased metabolic capacity which leads

to herbicide catabolism and inactivation through a three-

phase detoxification system (non-target site resistance)

(Yuan et al. 2007). This system, naturally serving the

detoxification of endogenous toxins and degradation of
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oxidative stress by-products (Dixon et al. 2010), comprises

three major enzymatic systems functioning subsequently:

cytochrome P450 monooxygenases (CYP450s), GSTs and/

or glycosyltransferases (GTs), and ATP-binding cassette

(ABC) transporters (Powles and Yu 2010), whose aug-

mented activity and/or specificity results in accelerated

herbicide metabolism (Délye 2013). GSTs, the major phase

II detoxification enzymes, catalyse the conjugation of the

xenobiotic with glutathione, increasing its hydrophilicity

thus facilitating its excretion from the cytoplasm and its

compartmentation in the vacuole by ABC transporters in

phase III (Cummins et al. 2011).

Chloroacetanilides comprise a class of herbicides that

inhibit very long chain fatty acid (VLCFA) synthetase

(Böger 2003), the condensing starter enzyme of the elon-

gase system for the biosynthesis of VLCFA, fatty acids

with chain lengths of 20 or more carbons. VLCFAs in

plants are important biological components of lipids pre-

sent in various cell membranes and the cuticular waxes

(Bach and Faure 2010). Chloroacetanilide herbicides are

used in large scale for the control of annual grasses and

broadleaf weeds. This has resulted in various unintended

effects such as the development of weed resistance

(Cummins et al. 2013). It has also resulted in environ-

mental pollution with many studies reporting increased

residual concentration of chloroacetanilides in off-target

sites and ground water, potentially resulting in toxic side

effects to non-target organisms (Abrantes et al. 2008; He

et al. 2012).

GSTs biotechnological exploitation has major implica-

tions in facing these issues: GSTs can be exploited to

enhance herbicide selectivity in crops, either through their

transgenic overexpression (Milligan et al. 2001), or primed

up regulation by the exogenous chemical application

(safeners) (Behringer et al. 2011). Moreover, their targeted

chemical inactivation can be deployed to seize weed

resistance resulting from increased GST activity (Cummins

et al. 2013). Specific GST overexpression in plants can

enhance their metabolic capacity for the detoxification of

herbicide and other organic compounds or even environ-

mental pollution through phytoremediation (Kawahigashi

2009; Zhang and Liu 2011).

The availability of multiple-omics technologies has

enabled the comprehensive dissection of phenotypes in the

molecular level, enabling better understanding of the

underlying biological processes which could lead to their

manipulation (Mochida and Shinozaki 2011). Among

other—omics, metabolomics approaches are increasingly

being engaged for research purposes towards the identifi-

cation and classification of agrochemical’s mechanism of

action (Aliferis and Jabaji 2011; Trenkamp et al. 2009) as

well as for the dissection of mechanisms leading to her-

bicide resistance (Délye 2013). As metabolites are the

ultimate products of gene expression and enzymatic reac-

tions, their simultaneous monitoring can reveal perturba-

tions in biochemical and metabolic networks critical for the

phenotypic expression, that can lead to further manipula-

tion through metabolic engineering (Farré et al. 2014).

In previous studies, we comprehensively characterized

GmGSTU4, a tau class GST form soybean, for its structural

and catalytic properties. GmGSTU4 exhibits increased

catalytic activity towards the herbicides alachlor and fluo-

rodifen, as well as increased glutathione peroxidise (GPOX)

activity towards fatty acid hydroxyperoxides (Axarli et al.

2009). GmGSTU4 overexpression in tobacco plants resul-

ted in greater tolerance towards both alachlor and fluorod-

ifen (Benekos et al. 2010) and increased salt stress tolerance

which was accompanied by significant alterations in the

transgenic plant metabolome towards maintaining meta-

bolic homeostasis and augmenting the production of stress

ameliorating metabolites (Kissoudis et al. 2015).

Non-target site herbicide resistance is characterized not

only by an increased rate of herbicide catabolism but also

pleiotropic alterations (Cummins et al. 2013; Vila-Aiub

et al. 2005). Moreover, increased evidence points to mul-

tiple roles of GSTs in endogenous metabolism (Dixon et al.

2010). Therefore, aiming to investigate the responses

leading to increased resistance to alachlor in GmGSTU4

overexpressing plants in comparison to wild-type (WT)

plants, we employed gas chromatography/mass spectrom-

etry (GC–MS) metabolomics. The results revealed pleio-

tropic alterations in plant metabolism in WT plants as a

consequence of alachlor toxicity, and a distinct response in

transgenic plants, with apparent metabolic signatures of the

increased detoxification capacity provided by GmGSTU4

as well as greater accumulation of secondary metabolites

and their precursors. These findings can be further

exploited to efficiently manage non-target site resistance in

weeds, as well as the generation of crops exhibiting

increased robustness to herbicides and plant with greater

phytoremediation capacity towards chloroacetanilides.

Materials and methods

Plant material and alachlor treatment

Wild-type (WT) tobacco cv. Basmas and transgenic line L3

overexpressing the soybean tau class glutathione trans-

ferase GmGSTU4 were grown in vitro as described (Ben-

ekos et al. 2010). Line L3 as shown previously (Benekos

et al. 2010) exhibited the greater increase in GST and

GPOX activity and tolerance to herbicide treatments and as

it carried a single transgene insert, it was selected and used

in the experiments presented here (hereafter mentioned as

GST-OX).
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Two-week-old WT and transgenic plants were trans-

ferred to Magenta GA-7 vessels containing Murashige–

Skoog (MS) medium supplemented with the herbicide

alachlor as a commercial formulation (ALANEX� 48 EC),

at an active ingredient concentration of 3 mg/L, while

control plants of both genotypes were similarly grown in

MS medium without alachlor. After 20 days of growth, the

2nd and 3rd leaf from top were sampled and after

lyophilization, were stored at -80 �C.

Metabolite extraction, derivatisation and GC–MS

analysis

Approximately, 10 mg dry weight of tissue was ground in

liquid nitrogen. Ground samples were extracted with

380 lL methanol and 20 lL ribitol in methanol

(0.2 mg mL-1). Samples were incubated at 70 �C for

15 min with continuous shaking. The addition of 200 lL
chloroform was followed by a further incubation at 37 �C
for 5 min under continuous shaking. After addition of

400 lL ddH2O, samples were vortexed and then cen-

trifuged at 18,000g for 5 min at room temperature. The

aqueous phase containing the polar metabolite fraction was

transferred into new eppendorf tubes and dried by nitrogen

gas. For derivatisation, dried samples were re-suspended in

25 ll methoxyamine-HCl (MOX, 20 mg mL-1 in pyr-

idine), and incubated at 30 �C for 90 min with continuous

gentle agitation. This was followed by addition of 50 ll of
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA)

and incubated at 37 �C for 30 min with continuous gentle

agitation. Finally, 10 ll of n-alkane mix were added for

determination of retention indexes. GC–MS measurements

were performed in a HP6890 GC coupled to a HP 5973

MS.

Data analysis

For all treatments tested, five biological replications were

performed. The chromatograms were evaluated automati-

cally using the AMDIS software and metabolites were

identified using the Golm metabolome database (Kopka

et al. 2005; Schauer et al. 2005). Results were expressed as

a response that corresponds to the ratio between the areas

of the target metabolite divided by the area of the reference

metabolite (ribitol, m/z 319) and reported relative to the dry

weight.

Principal component analysis (PCA) was performed on

the relative metabolite concentration data using the

Unscrambler 9.5 software (CAMO Software Inc., NJ,

USA). Statistically significant differences between geno-

types and treatments for each metabolite were validated by

the Student’s t test (P B 0.05).

Results

In our previous study, alachlor tolerance of GmGSTU4

overexpressing tobacco plants was evaluated at herbicide

concentrations that completely inhibited WT plant growth

(Benekos et al., 2010). To identify the effects of alachlor

on WT plants metabolism, and to compare them with

tobacco plants overexpressing GmGSTU4, plants were

grown in 3 mg/L alachlor concentration (which corre-

sponds to the higher dose applied in field conditions,

Kawahigashi et al., 2005) as compared to 7.5 and 15 mg/L

which are 7- and 14-fold higher than the optimal field dose

(Benekos et al. 2010). At this concentration transgenic

plants showed high level of tolerance while WT plants

could maintain part of their growth (Supp. Figure 1). This

allowed the appropriate comparison of alachlor responses

between the two genotypes (Aliferis and Chrysayi-Tok-

ousbalides 2011), devoid of potential unintended effects

due to acute toxicity of alachlor at higher concentrations on

WT plants as observed in our previous experiments (Ben-

ekos et al. 2010). Thus, mechanisms potentially linked to

the increased tolerance of the transgenic plants to alachlor

could be more appropriately identified.

Analysis of leaf extracts, carried out by GC/MS, iden-

tified a total of 98 polar metabolites many of which were

filtered out due to low abundance and inconsistent presence

to a remaining 86 metabolites (Supp. Table 1). On this

basis, we examined metabolic alterations in WT and GST-

OX plants after alachlor treatment and compared them for

the identification of metabolic signatures of both alachlor

toxicity and increased alachlor tolerance conferred by

GmGSTU4.

Metabolic responses of wild-type tobacco plants

under alachlor treatment

WT tobacco plants metabolism was significantly affected

by alachlor, with the abundance of about 30 % (27/87) of

the metabolites identified significantly altered in compar-

ison to control conditions. These metabolites spanned all

the different functional categories covered by the GC–MS

analysis, indicating pleiotropic effects of alachlor on plant

metabolism. Metabolite data were loaded for PCA to

identify the pattern of metabolic changes and the contri-

bution of the underlying metabolites. The two highest

ranking principal components accounted for 72 % of the

total variance. PCA revealed a distinct fingerprint of the

WT plants metabolome grown in 3 mg/L alachlor in

comparison to non-stress conditions. Differences between

treatments were resolved by PC1 with non-stressed plants

being on the positive side while fingerprints of alachlor-

treated plants drifted towards the negative side of PC1. The
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metabolic loadings in principal component 1 (PC1) were

examined and revealed high positive values for the hexoses

glucose, fructose and mannose and negative values for

phosphoric acid, proline and sucrose. This indicated that

differences can be attributed to the reduction in the con-

centration of those hexoses and the accumulation of

phosphate, proline and sucrose in alachlor-treated WT

plants (Fig. 1; Supp. Table 2).

Furthermore, individual metabolite alterations between

treatments were compared using the t test (p B 0.05).

While the directionality of all the above-mentioned alter-

ations was the same, significant differences were only

observed for proline and mannose. A metabolic trend was

observed as the concentration of most of the amino acids

and organic acids was decreased, though few differences

were identified as significant. The concentration of 27

metabolites was significantly altered, of which 8 increased

and 19 decreased (Table 1). Metabolites whose abundance

significantly increased after alachlor treatment were the

amino acid proline and its derivative hydroxy-proline (3.1-

and 4.8-fold increase respectively), the photorespiration

intermediate glycolic acid (4.7-fold), as well as the sugar

alcohol mannitol (76.5-fold), hydroquinone (18.3-fold) and

myo-inositol (2.1-fold), which commonly serve as osmo-

lytes/osmoprotectants under abiotic stress. On the other

hand, a significant decrease was observed in the concen-

tration of the aromatic amino acids tryptophan and tyrosine

(18- and 5-fold respectively) precursors of several families

of secondary metabolites, as well as isoleucine (4.9-fold)

which is linked to pyruvic acid. The tricarboxylic acid

(TCA) cycle intermediates pyruvic acid and succinic acid

decreased 3.7- and 2.4-fold, respectively. Among others,

the non-structural disaccharides lactose and maltose, the

latter involved in starch remobilization, decreased 10.2-

and 6.7-fold respectively, while mannose and its amino

sugar mannosamine, precursors of cell wall constituents,

were not detectable after alachlor application.

Metabolic responses of GST-OX tobacco plants

under alachlor treatment

The abundance of a significant number of metabolites of

GST-OX plants was affected as well by alachlor (26 out of

87), but the response was distinct in comparison to WT

under alachlor stress, reflecting the increased tolerance of

GST-OX plants through the capacitation of alachlor cata-

bolism. This is reflected in the PCA analysis, where a

distinct fingerprint was observed for alachlor-treated GST-

OX plants in comparison to WT (Fig. 1). The metabolic

alterations after alachlor treatment in GST-OX plants were

resolved by PC2, with non-treated plants residing on the

negative side of PC2, while alachlor treatment resulted in a

shift to the positive side of PC2. Metabolites with highest

positive values were myo-inositol, proline and glycerol,

reported to be functioning as osmoprotectants during abi-

otic stress, as well as the hexoses glucose and fructose and

the disaccharide sucrose, indicating increased accumula-

tion under alachlor treatment (Fig. 1; Supp. Table 2).

In line with the distinct response of GST-OX plants to

alachlor, 19 metabolites significantly increased (14 unique

to GST-OX plants), while 7 decreased (3 unique to GST-

OX plants) (Fig. 2). Among the commonly induced

metabolites in both WT and GST-OX are metabolites that

function as compatible solutes and involved in abiotic

stress responses (hydroquinone, myo-inositol, proline,

4-hydroxy-L-proline). Compounds that uniquely accumu-

lated in GST-OX plants were cellobiose and malonic acid

(8.6- and 4.2-fold), precursors of cell wall and fatty acid

biosynthesis, respectively, the nitrogen assimilation pro-

duct allantoin (4.9-fold), nicotinamide, a (nicotinamide

adenine dinucleotide) NAD biosynthesis intermediate

Fig. 1 Principal component analysis a of leaf metabolites identified

in WT and GmGSTU4 overexpressing tobacco plants grown in vitro

for 20 days in plain MS medium or supplemented with 3 mgL

alachlor. Principal components (PC) 1 and 2 cumulatively account for

72 % of the variance in the data. b Metabolite loadings plot for PC1

and PC2. Loading values for specific metabolites are indicated
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(fourfold) and acetol (2.3-fold) a product of methylglyoxal

and reactive carbonyl detoxification. Moreover, several

secondary metabolites accumulated, such as nornicotine,

mimosine, caffeic acid, loganin and tyramine. Metabolites

that were uniquely decreased in GST-OX plants were the

amino acids serine and threonine (1.7- and 2-fold, respec-

tively) and D-glucose-6-phosphate (3.5-fold).

Comparison of WT and GST-OX tobacco plants

metabolome under alachlor treatment

The contrasting responses of WT and GST-OX tobacco

plants to alachlor resulted in distinct metabolic fingerprints

as is evident from the PCA analysis. To identify metabolic

markers that are linked to GmGSTU4-induced resistance to

alachlor we directly compared the metabolic profiles of

WT and GST-OX plants under alachlor treatment. In this

way, metabolic alterations resulting from the constitutive

GmGSTU4 expression (Supp. Table 1) are also taken into

account. The results reflect partly the contrasting response

observed in WT and GST-OX plants, with the latter

exhibiting a potentiated secondary metabolism (higher

abundance of tryptophan and tyrosine, and secondary

metabolites), higher concentration of proline and proline

catabolic compounds, as well as other compounds with

protective functions (glycerol and hydroquinone), higher

lactose and acetol accumulation but lower manittol and

glycolic acid concentration. Moreover, many metabolic

alterations resulting from the constitutive GmGSTU4

expression in non-stress conditions (Supplementary

Table 1), discussed in our previous study (Kissoudis et al.

2015), persisted after alachlor treatment, as is evident by

the higher abundance of acetyl-L-serine, a precursor of

glutathione biosynthesis, and glycerol 1-phosphate as well

as lower concentration of the hexoses glucose and fructose

(Table 2).

Table 1 Metabolites that were

significantly altered (p\ 0.05)

in WT and GST-OX plants

grown in 3 mg/L alachlor in

comparison to control

conditions

WT alachlor/WT control GST-OX alachlor/GST-OX control

Metabolites Fold change Metabolites Fold change

Mannitol 76.5 Glycerol 21.0

Hydroquinone 18.3 Hydroquinone 8.9

Trans-4-hydroxy-L-proline 4.8 Proline 8.6

Glycolic acid 4.7 Cellobiose 8.6

Proline 3.1 Allantoin 4.9

Myo-inositol 2.1 Malonic acid 4.2

Palatinose stress sp. Nicotinamide 4.0

Resorcinol stress sp. Nornicotine 3.8

Myo-inositol 3.8

Pipecolic acid 3.6

Putrescine -1.7 Mimosine 3.2

b-cyano-L-alanine -1.8 Caffeic acid 2.7

Galactinol -2.2 Acetol 2.3

Succinic acid -2.4 Sucrose 1.4

Urea -2.8 Resorcinol stress sp.

Porphine -3.0 Sophorose stress sp.

Pyruvic acid -3.7 Trans-4-hydroxy-L-proline stress sp.

Isoleucine -4.9 Tyramine stress sp.

Tyrosine -5.0 Loganin stress sp.

Maltose -6.7

Lactose -10.2

Tryptophan -18.0 Serine -1.7

Melibiose -25.4 b-cyano-L-alanine -1.7

Nicotinamide ctr. sp. Succinic acid -1.9

Maleamic acid ctr. sp. Threonine -2.0

Mannose ctr. sp. Urea -2.2

N-acetyl-D-mannosamine ctr. sp. Putrescine -2.2

Tartaric acid ctr. sp. D-glucose-6-phosphate -3.5

Tyramine ctr. sp.
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Discussion

The identification of GSTs as a crucial component of non-

target side resistance against herbicides enabled their

deployment through biotechnological approaches for

building of herbicide resistance in crops (Cummins et al.

2011), as well as for enhanced plant phytoremediation

capacity (Karavangeli et al. 2005). Yet, very little is known

on the metabolic alterations related to herbicide resistance

in the genetically modified plants overexpressing GSTs.

Metabolite monitoring can enable the identification of

biomarkers for herbicide toxicity as well as metabolic

signatures of resistance (Aliferis and Chrysayi-Tokous-

balides 2011).

Metabolomics analysis revealed pleiotropic effects of

alachlor on WT tobacco plants metabolism. The metabolic

alterations after alachlor treatment resembled a response to

an abiotic stressor, as the accumulated metabolites like

mannitol, proline and hydroquinone are commonly identi-

fied as induced metabolites after abiotic stress, serving as

osmoprotectants and (reactive oxygen species) ROS scav-

engers (Krasensky and Jonak 2012). Indications of

photorespiration up regulation reinforce this conclusion, as

it results in ROS production (Voss et al. 2013). Similarly,

transcriptome analysis of Arabidopsis plants treated with

another chloroacetanilide herbicide, flufenacet, indicated a

marked up regulation of wound responsive genes (Lechelt-

Kunze et al. 2003), while treatment of Triticum tauschii

seedlings with dimethenamid resulted in the induction of

several abiotic stress responsive proteins (Zhang et al.

2007). Furthermore, the arabidopsis mutant pasticcino,

defective in VLCFA, exhibits aberrant transcriptional

alterations with several genes induced being involved in

salt and dehydration stress response (Nobusawa et al.

2013).

Fig. 2 Venn diagram representation of metabolites commonly or

differentially increased (a) or decreased (b) in the leaves of WT and

transgenic tobacco plants grown in vitro for 20 days in MS medium

supplemented with 3 mg/L alachlor in comparison to plain MS

medium

Table 2 Differentially accumulated metabolites (p\ 0.05) in WT

and and GST-OX plants grown in 3 mg/L alachlor

GST-OX alachlor/WT alachlor

Metabolites Fold difference

Lactose 23.8

Melibiose 15.3

Glycerol 9.4

Tryptophan 8.2

Allantoin 5.7

Pyrrole-2-carboxylic acid 5.3

Acetol 4.2

Malonic acid 3.7

Isoleucine 3.6

Acetyl-L-serine 3.6

Tyrosine 3.2

Porphine 3.1

Mimosine 2.8

Resorcinol 2.6

Hydroquinone 2.6

Cellobiose 2.5

Maltose 2.3

Glycerol 1-phosphate 2.2

Proline 1.7

Trans-4-hydroxy-L-proline 1.7

Nicotinamide GST-ox sp.

Loganin GST-ox sp.

Maleamic acid GST-ox sp.

Mannose GST-ox sp.

N-acetyl-D-mannosamine GST-ox sp.

Tartaric acid GST-ox sp.

Tyramine GST-ox sp.

Glucose -2.0

Fructose -2.5

Glycolic acid -4.4

b-thiogalactopyranoside -4.8

Mannitol -25.0
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Alachlor treatment on WT tobacco plants resulted in an

apparent deregulation of central metabolism, as levels of

sugars, amino acids and TCA cycle intermediates were in

general decreased, indicating a perturbation of the core

metabolism that further lad the WT plants to succumb to

the herbicide. Furthermore, the decreased concentration of

metabolites serving as precursors of cell wall biosynthesis

indicated a concerted down regulation of growth. Alter-

ations in carbohydrate metabolism have also been reported

for the acetolactate synthase (ALS) inhibiting herbicides

and the 5-enolpyruvylshikimate-3-phosphate synthase

(EPSPS) inhibiting herbicide glyphosate that target bran-

ched chain and aromatic acid biosynthesis, respectively

(Orcaray et al. 2012; Zabalza et al. 2011). Therefore,

central metabolism perturbations are integral to the toxicity

mechanisms of herbicides with unrelated mechanism of

action and should be further considered in toxicological

and environmental studies (Serra et al. 2013).

In addition, alachlor resulted in an apparent down reg-

ulation of secondary metabolism in WT plants with severe

reduction in the abundance of tryptophan and tyrosine,

major substrates for the production of secondary metabo-

lites (Tzin and Galili 2010). Similar results were obtained

in early studies of alachlor activity in maize and sorghum,

where its application resulted in decreased lignin content

and anthocyanin accumulation (Lydon and Duke 1989).

The effects of alachlor on secondary metabolism should be

further evaluated, especially in relation to ecotoxicological

studies, as secondary metabolites are important for plant

responses to biotic and abiotic stresses (Bednarek 2012), as

their perturbation may limit the adaptive potential of the

non-target organisms. It should be noted here though that

our approach utilizing GC–MS, cannot comprehensively

cover non-polar secondary metabolites, and should be

further coupled with Liquid chromatography/Mass spec-

trometry (LC–MS) to provide a broader picture of the

secondary metabolism regulation including specific path-

ways and compounds that are differentially regulated

(Matsuda et al. 2009).

Capacitation of alachlor metabolism by GmGSTU4

overexpression, resulting in increased tolerance of trans-

genic tobacco plants to the herbicide, was accompanied by

a distinct metabolic response, reversing or cancelling the

alterations observed in WT plants and inducing in greater

magnitude protective and detoxification pathways. Simi-

larly to WT, metabolites related to abiotic stress response

were induced; however, either the magnitude of accumu-

lation was higher (e.g. proline) or they were uniquely

accumulated (glycerol). Most of these metabolites are

shown to contribute to abiotic stress tolerance (Eastmond

2004; Sharma et al. 2011). Therefore, induced abiotic stress

tolerance might be a part of the increased alachlor toler-

ance of transgenic plants, protecting against its non-target

cytotoxic effects. Up regulation of abiotic/oxidative stress

tolerance genes has been observed in resistant weed eco-

types to herbicides with different modes of action (Duhoux

et al. 2015; Gaines et al. 2014). These observations have

broader implications on the mechanisms involved in non-

target site resistance against multiple herbicides (Cummins

et al. 2013; Délye 2013). Interestingly, the same metabo-

lites were differentially up regulated in GmGSTU4 over-

expressing after salt stress treatment (Kissoudis et al. 2015)

hinting a potential regulatory/signalling role of GmGSTU4

for their accumulation under stress. Further indications for

enhanced cytoprotection are supported by the accumulation

of acetol, a product of toxic aldehyde detoxification, to

which GSTs are directly enzymatically involved (Fujita

and Hossain 2003), with GmGSTU4 in particular exhibit-

ing significant enzymatic activity (Axarli et al. 2009).

The accumulation of secondary metabolites in trans-

genic plants after alachlor treatment was in stark contrast

with the response of WT plants. This pattern has significant

similarity with the result obtained after constitutive over-

expression in Arabidopsis of a black-grass GST conferring

broad spectrum herbicide resistance, which lead to

increased accumulation of secondary metabolites (He et al.

2012). Previous research has shown a role for GSTs in

flavonoid metabolism/transport, as specific GSTs can bind

to flavonoids and other secondary metabolites, potentially

protecting unstable intermediates from auto-oxidation

(Chan and Lam 2014; Dixon et al. 2010). GmGSTU4 was

shown to possess an L-site (Axarli et al. 2009), which can

function in a similar way and therefore stabilizing sec-

ondary metabolite intermediates, reducing their turnover

and resulting in their greater accumulation. A role of sec-

ondary metabolites in the protection against herbicide

toxicity comes from observations after application of

safeners, which results in the up regulation of genes

encoding enzymes of the secondary metabolism as well the

accumulation of secondary metabolites (Behringer et al.

2011; Cummins et al. 2006; Skipsey et al. 2011). Enhanced

accumulation of secondary metabolites through transgenic

manipulation was shown to confer general stress robustness

(Nakabayashi et al. 2014; Zhang et al. 2013), providing

further evidence for their beneficial properties under stress.

The differential metabolic responses of WT and

GmGSTU4 overexpressing plants share a significant simi-

larity with observations made at the protein level in Triti-

cum tauschii seedlings treated with a chloroacetanilide

herbicide alone and in combination with a safener which

induced resistance (Zhang et al. 2007). While herbicide

treatment alone induced only stress responsive proteins, the

safener co-treatment resulted in the concerted up regulation

of detoxification pathways, including many GST proteins,

as well as jasmonic acid/oxylipin and secondary metabo-

lism pathways (Zhang et al. 2007). The convergence of
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these observations suggests that GSTs are merely a passive

component of the herbicide detoxification mechanism, and

their timely induction after herbicide treatment may not

only be directly linked to enhanced detoxification capacity

but also the sensitization of multiple cytoprotective

mechanisms. This is further supported by our findings that

constitutive GmGSTU4 overexpression leads to alteration

in tobacco plants metabolism even under non-stress con-

ditions (Kissoudis et al. 2015). Many of these alterations

were maintained even after alachlor treatment and may

have contributed to increased tolerance to alachlor.

Therefore, it appears that GmGSTU4 overexpression

results in a stress-priming effect that, except for the direct

metabolic capacity of GmGSTU4 towards alachlor, is

sensitizing multiple detoxification/defence components

that help cope with toxicity. How GmGSTU4 leads to these

alterations remains elusive, although there is evidence for

altered redox homeostasis as evident by the altered accu-

mulation of glutathione and ascorbic acid biosynthesis

precursors (Kissoudis et al. 2015). Altered glutathione

homeostasis in gstu17 mutants in Arabidopsis resulted in

greater abscisic acid (ABA) accumulation and abiotic

stress tolerance (Chen et al. 2012). Moreover, GSTs appear

to be involved in oxylipin signalling, important regulators

of redox homeostasis under stress conditions (Park et al.

2013), through their direct binding (Dixon and Edwards

2009), and as GmGSTU4 has ligandin functions through its

L-site, this possibility cannot be excluded.

In conclusion, metabolomics analysis indicated that

alachlor toxicity in WT tobacco plants is translated as an

abiotic stress response accompanied by the down regulation

of the primary metabolism and reduced accumulation of

secondary metabolites precursors. GmGSTU4 overexpres-

sion in part reversed these responses, as well as leads to

greater induction of protective and detoxification responses,

including up regulation of the secondary metabolism

(Fig. 3). These findings provide further insights on alachlor

toxicity on weeds as well as non-target organisms and

increase our understanding for GST induced chloroac-

etanilide herbicide resistance. Moreover, these results can

enable both a more efficient management of herbicide

resistant weeds, through chemical or genetic (RNAi) inhi-

bition of the underlying enzymes controlling these meta-

bolic processes (Yu and Powles 2014), the efficient

deployment of chloroacetanilide resistant crops as well as

plants targeted for herbicide phytoremediation in contami-

nated sites. Current approaches employ the engineering of

single or multiple components of the three-phase detoxifi-

cation system of xenobiotics (Kawahigashi et al. 2005;

Zhang and Liu 2011). On top of these approaches, manip-

ulation for antioxidant/osmoprotectant metabolite accumu-

lation as well as enhanced detoxification of toxic by-

products of oxidative stress such as alkenals and aldehydes

through increasingly sophisticated approaches (Aharoni and

Galili 2011; Shachar-Hill 2013) has the potential to increase

the robustness of crops against the indirect effects of her-

bicide application. The results of the metabolomics analysis

could potentially serve as biomarkers for the discovery of

plant species or even individuals resistant to stresses with

important implications in plant breeding projects—of

course this remains to be further evaluated. Further explo-

ration of these pathways and identification of causality

relationships with herbicide resistance has the potential to

contribute in increasing the sustainability of agricultural

practices and the robustness of crops.
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