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ARTICLE INFO ABSTRACT

Keywords: The present study aimed to determine whether glyphosate-induced oxidative stress is directly related to the
Oxidative Stress action mechanism of this herbicide (5-enolpyruvylshikimate-3-phosphate synthase or EPSPS inhibition) and
Glyphosate

analyse the role of oxidative stress in glyphosate toxicity of the weed Amaranthus palmeri S. Wats. Two kinds of
populations were studied using EPSPS amplification: glyphosate-sensitive and glyphosate-resistant (by gene
amplification). Plants were grown hydroponically and treated with different glyphosate doses, after which
several oxidative stress markers were measured in the leaves. Untreated, sensitive and resistant plants showed
similar values for the analysed parameters. Treated glyphosate-sensitive plants showed an increase in shikimate,
superoxide and HyO, contents and dose-dependent lipid peroxidation and antioxidant responses; however, none
of these effects were observed in resistant plants, indicating that glyphosate-induced oxidative stress is related to
EPSPS inhibition. Oxidative stress is associated with an increase in the activity of peroxidases due to EPSPS
inhibition, although the link between both processes remains elusive. The fact that some glyphosate doses were
lethal but did not induce major oxidative damage provides evidence that glyphosate toxicity is independent of

Herbicide mode of action

oxidative stress.

1. Introduction

Weed control is a challenging issue in modern agriculture. Although
many methods have been implemented to minimise or avoid the prob-
lems associated with weeds, herbicides continue to be the most exten-
sively used tools for weed control (Edwards and Hannah, 2014). Among
all herbicides, glyphosate is the most widely used worldwide since it can
now be used as a selective herbicide, since the commercialisation of
glyphosate-resistant crops in the mid-1990s (Duke, 2018). Its mecha-
nism of action involves inhibition of 5-enolpyruvylshikimate-3-phos-
phate synthase (EPSPS), a key enzyme in the biosynthetic aromatic
amino acid (AAA) pathway. EPSPS converts shikimate-3-phosphate
(S3P) and phosphoenolpyruvate (PEP) to 5-enolpyruvylshikimate-3--
phosphate (EPSP) in plastids, a necessary stage for the biosynthesis of
the AAAs tyrosine (Tyr), phenylalanine (Phe), and tryptophan (Trp).

Nevertheless, glyphosate toxicity is not restricted to its interaction
with the target site. The metabolic roadblock caused by EPSPS inhibition
carries physiological consequences that eventually lead to plant death
(Gomes et al., 2014). The physiological effects of glyphosate include the
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accumulation of shikimate, quinate, and total free amino acids
(Fernandez-Escalada et al., 2016; Orcaray et al., 2010). This can be
considered direct results of the deregulation of the shikimate pathway,
as well as common generic stress markers such as loss of photosynthetic
efficiency (da Silva Santos et al., 2020) or ethylene accumulation (Ein-
hardt et al., 2020; Lee and Dumas, 1983). The physiological downfall
generated by glyphosate treatment alters the internal content of many
phytohormones (including indol-3-acetic acid and abscisic acid) and
global gene expression profiling related to biosynthesis and transport of
phytohormones (Dogramaci et al., 2017; Jiang et al., 2013).

Oxidative stress caused by the overproduction of reactive oxygen
species (ROS) is also a common response to different abiotic and biotic
stresses, and it manifests as oxidative damage in biomolecules or
changes in antioxidant activity. Under adequate conditions, ROS pro-
duction is balanced by antioxidant activity; however, under stress con-
ditions, ROS are overproduced and accumulated, which leads to the
aforementioned oxidative damage and/or induction of the antioxidant
systems (Demidchik, 2015). Several herbicides, such as glufosinate
(Caverzan et al., 2019; Takano et al., 2019), have been reported to cause
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oxidative stress in plants. In the case of glyphosate, numerous studies
have shown that oxidative stress is a secondary effect of herbicide
exposure, manifested in ROS production and accumulation, lipid per-
oxidation, protein oxidation, increase of non-enzymatic and enzymatic
antioxidant activity, changes in redox-related gene expressions and
disruption of ascorbate-glutathione pathway (Ahsan et al., 2008; de
Freitas-Silva et al., 2017; Gomes and Juneau, 2016). Nevertheless, both
its origin (whether it is directly or indirectly linked to EPSPS inhibition
or a separate side effect) and the role of oxidative damage in the phys-
iological downfall that leads to the death of treated plants are yet
unknown.

Despite the ignorance of the exact mechanism of plant death after
glyphosate treatment (from EPSPS inhibition to plant death), the effi-
cacy of this herbicide and the introduction of genetically modified crops
resistant to glyphosate are the reasons behind its massive usage.
Consequently, some weed populations have developed glyphosate
resistance. To date, at least one glyphosate-resistant population
belonging to 53 species has been identified (Heap, 2022). One of these
species is Amaranthus palmeri S. Wats., a C4 weed which is extremely
difficult to control owing to its fast growth, rapid seed dispersal, and
great genetic variability that enables it to develop resistance to herbi-
cides (Vélez-Gavilan, 2019). In the majority of glyphosate-resistant
populations of A. palmeri, EPSPS gene amplification is the mechanism
of resistance (Gaines et al., 2019). Gene amplification of EPSPS leads to
massive production of the enzyme; thus, the recommended glyphosate
field dose is not enough to inhibit EPSPS activity and thus does not kill
the plant (Fernandez-Escalada et al., 2016; Gaines et al., 2010).
Although the resistance mechanism is well established, knowledge
regarding the physiological background or possible physiological effects
of glyphosate exposure on these resistant weeds is limited. The avail-
ability of a biotype overexpressing the EPSPS enzyme provides an op-
portunity to analyse how EPSPS overexpression affects the response of
oxidative status to glyphosate in comparison with a sensitive population.

This study aimed to determine whether oxidative stress caused by
glyphosate is detected in resistant A. palmeri plants overexpressing
EPSPS, while evaluating the role of oxidative stress in glyphosate
toxicity. To this end, shikimate content, several oxidative damage
markers, ROS content, and antioxidant activity were compared between
two A. palmeri populations (glyphosate-sensitive and glyphosate-
resistant with EPSPS amplification) treated with different glyphosate
doses.

2. Materials and methods
2.1. Plant material and treatment application

The seeds of both glyphosate-sensitive (S) and resistant (R) A. palmeri
biotypes were originally collected from North Carolina (USA) and pro-
vided by Dr. Gaines (Colorado State University, Fort Collins, CO, USA).
The target site-resistance mechanism of the resistant population was
EPSPS gene amplification, as R individuals had a mean 47.5-fold in-
crease in the number of copies of the EPSPS gene which led to a 25-fold
increase in the level of this protein and a 26-fold increase in EPSPS ac-
tivity, compared to S individuals. No other phenotypic differences have
been detected between both populations (Fernandez-Escalada et al.,
2016, 2017, 2019).

Plants were cultivated and grown hydroponically according to
Fernandez-Escalada et al. (2016). Seeds were surface-sterilised before
germination (Labhilili et al., 1995). For germination, the seeds were
incubated for 4 days at 4 °C in the dark. They were then subjected to a
60 h light/dark cycle of 16 h/8 h at 30 °C/18 °C. After germination,
plants were transferred to aerated 2.7 L hydroponic tanks in a phytotron
(day/night, 16 h/8 h; light intensity, 0.5 mmol s~* m~2 PAR; tempera-
ture, 22/18 °C; relative humidity, 60/70%). The plants remained at the
vegetative phenological stage throughout the experiment. Nutrient so-
lution (Hoagland and Arnon, 1950) was supplemented with 15 mM
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KNOs.

Plants of each population were treated with a different range of
glyphosate doses, due to the different sensitivity to the herbicide, which
were determined in previous experiments. S plants were treated with 0.5
times the recommended field rate (0.5 FR), FR, 2 times the FR (2 FR),
and 3 times the FR (3 FR); meanwhile, R plants were treated with FR, 2
FR, 3 FR, and 6 FR.

Glyphosate is recommended at 0.84 kg ha™! (Culpepper et al., 2006).
Fortin Green® (Key, Tarrega, CAT, Spain) was used as the commercial
herbicide. Plants were treated after reaching the growth stage defined as
BBCH 14.35 (19-22 days old). 2.52 mL of the herbicide solution per tank
(4.59 dm?) was sprayed using an aerograph (model Definik, Sagola,
Vitoria-Gasteiz, EUS, Spain) connected to a compressor (model Werther,
Breverrato, Italy; 60 W, 10 L m~!, 2.5 bar). Untreated plants of each
population were sprayed with water using the same aerograph and
compressor. The experiment was performed twice.

2.2. Analytical determinations

The leaves were sampled three days after herbicide treatment, frozen
in liquid N, and stored at —80 °C. Leaves from the same plant individual
were collected together and considered as a biological replicate. The
samples were powdered using a Retsch mixer mill (MM200, Retsch,
Haan, Germany), and the amount of tissue required for each analytical
determination was separated. For ROS detection, disks with 10 mm
diameter were excised from fresh leaves five days after herbicide
treatment. Several treated plants from each population were left in the
phytotron to determine the lethality of the applied glyphosate doses.

2.2.1. Shikimate content in leaf disks

Three leaf disks (4 mm diameter) were excised from the youngest leaf
of each plant for shikimate content determination. Leaf disks were
placed in 2 mL Eppendorf tubes and stored at —80 °C until analysis.
Shikimate was extracted as described previously, and the shikimate
content was quantified spectrophotometrically at 380 nm (Fernande-
z-Escalada et al., 2016).

2.2.2. Presence of ROS

O3 was localised in situ by nitro blue tetrazolium (NBT) staining of
the leaf disks (Romero-Puertas et al., 2004). Leaf disks of 10 mm
diameter were immersed in a 0.1% (w/v) solution of NBT in a 50 mM
potassium phosphate buffer (pH 6.4), containing 10 mM Na-azide. Then,
the disks were vacuum-filtrated for 10 min and illuminated until the
appearance of blue formazan precipitates, which appear as dark blue
spots.

H50, was localised in situ via 3,3'-diaminobenzidine (DAB) staining
of leaf disks (Daudi and O’Brien, 2012). Leaf disks of 10 mm diameter
were immersed in 0.1% (w/v) solution of DAB, containing 200 mM HCI,
0.05% (v/v) Tween 20, and 200 mM Na,HPO4 (Daudi and O’Brien,
2012). The disks were then vacuum-filtrated for 10 min and incubated
overnight in the dark. Disks were illuminated until a brown precipitate
was formed by the reaction of DAB with HOs.

Leaf disks from both assays were faded by immersion in boiling
ethanol and stabilised in 10% (v/v) glycerol. Leaf disks were scanned
using a GS-800 densitometer and Oz and Hy0, deposits were quantified
using the Quantity One software (Bio-Rad, Hercules, CA, USA).

2.2.3. Lipid peroxidation

Lipid peroxidation was determined by spectrophotometric detection
of malondialdehyde (MDA) (Hodges et al., 1999). Samples (0.05 g) were
homogenised in 1 mL 0.1% (w/v) TCA and mixed with a reagent solu-
tion comprising 20% (w/v) TCA, 0.01% (w/v) butylated hydrox-
ytoluene, and 0.65% (w/v) thiobarbituric acid (TBA). The samples were
then boiled at 95 °C for 25 min. The MDA-TBA complex content was
measured at 532 nm, and corrections for unspecific turbidity and
sugar-TBA complexes were performed by subtracting the absorbance of
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the same sample at 600 and 400 nm, respectively (Hodges et al., 1999;
Verma and Dubey, 2003).

2.2.4. Protein carbonylation

Protein carbonylation was determined by the immunochemical
detection of carbonyls (Romero-Puertas et al., 2002; Yan et al., 1998).
Samples (0.1 g) were homogenised in a 0.3 mL protein extraction buffer
comprising 100 mM potassium phosphate buffer (pH 7.4), 1 mM eth-
ylenediaminetetraacetic acid (EDTA), and 0.2% (v/v) Triton x-100,
containing freshly added 4.9 mM dithiothreitol, 2 mg mL-1 poly-
vinylpolypyrrolidone (PVPP), and 1:100 diluted protease inhibitor
cocktail from Sigma-Aldrich Co. (St Louis, MO, USA). The protein (0.5
mg) was incubated with 10 mM 2, 4-dinitrophenylhydrazine (DNPH) in
2 M HCI for 1 h at room temperature. Proteins were precipitated with
10% (w/v) TCA, and pellets were carefully washed with ethanol/ethyl
acetate (1/1) two times. The pellets were resuspended in 10 mM sodium
phosphate buffer (pH 7.4). Protein separation was performed using
standard techniques (Corpas et al., 1998). Carbonylated proteins were
detected using antibodies against DNPH (Sigma-Aldrich). Finally,
carbonyl groups in proteins were visualised using the alkaline phos-
phatase method (Fernandez-Escalada et al., 2017). The membranes and
Coomassie gels were scanned using a GS-800 densitometer, and the in-
tensity of the bands was quantified using the Quantity One software
(Bio-Rad, Hercules, CA, USA). Protein carbonyl groups were quantified
by membrane band intensity and normalised to the total protein content.

2.2.5. Antioxidant capacity

Antioxidant capacity was measured using two different assays: 2,2-
azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) and 2,2-
diphenyl-1-picrylhydrazyl (DPPH). For the ABTS assay, the method of
(Arnao et al., 2001) was followed, with slight modifications. Samples
(0.05 g) were homogenised in a 0.5 mL 70% ethanol (v/v) solution
containing 1% HCl (v/v) (Pérez-Lopez et al., 2014). Samples were
filtered with 450 nm filters and diluted to 1:10 in ethanol. These results
were valid for both ABTS and DPPH assays. The stock solution for the
ABTS assay consisted of 7.5 mM ABTS and 140 mM potassium persulfate
ethylic solution diluted serially (as needed for achieving the absorbance
value of 0.7 units at 734 nm). Antioxidant capacity was measured at 734
nm as the scavenging of ABTS radical cations and expressed as Trolox
equivalent antioxidant capacity (TEAC). A linear standard curve was
prepared with 0.03-0.5 mM Trolox. For the DPPH assay, the method
proposed by Brand-Williams et al. (1995) was followed with some
modifications. The stock solution comprised 0.2 mM DPPH ethylic so-
lution incubated in darkness for 3.5 h. Antioxidant capacity was
measured at 515 nm as the scavenging of DPPH and expressed as Trolox
equivalent antioxidant capacity (TEAC). This mixture consisted of a
stock solution, 40 mM Tris-HCI (pH 7.4), and a sample extract. A linear
standard curve was made with 0.05-0.75 mM Trolox.

2.2.6. Glutathione and related compounds

Glutathione was extracted from the samples (0.1 g) in 1 mL of 1 M
HCI, derivatised with 5-iodoacetamide fluorescein, and reduced with
tributylphosphine (Zinellu et al., 2005). Glutathione content was
measured using a CE equipped with a laser-induced fluorescence de-
tector (Zulet et al., 2015).

Reduced glutathione (GSH) levels were determined directly by the
injection of an aliquot in the CE. Another aliquot was reduced with 10%
tributylphosphine, and then total GSH, cysteine, and y-glutamyl-
cysteine were analysed by CE. Oxidised glutathione (GSSG) was deter-
mined as the difference between the total and reduced GSH values.

2.2.7. Ascorbate

Ascorbate was extracted from samples (0.05 g) in 0.3 mL ice cold 2%
meta-phosphoric acid containing 1 mM EDTA (Schiitzendiibel et al.,
2002). The homogenate was filtered through a 0.22 pm Millex GV filter.
Ascorbate was analysed by high-performance CE in a Beckman Coulter
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P/ACE MDQ (Fullerton, CA, USA) associated with a diode array detector
(Herrero-Martinez et al., 2000) and equipped with the P/ACE station
software for instrument control and data handling.

Reduced ascorbate levels were directly determined by injecting an
aliquot into the CE. Dehydroascorbate (DHA) was reduced with 200 mM
dithiothreitol and total ascorbate content was analysed using CE. DHA
was determined as the difference between the ascorbate values.

2.2.8. Antioxidant enzymes

For antioxidant enzymatic activities, except ascorbate peroxidase
(APX), samples (0.1 g) were homogenised in a 0.3 mL extraction buffer
comprising 50 mM Tris-HCI (pH 7.4), 0.1 M EDTA, 0.2% (w/v) Triton x-
100, and 10% (v/v) glycerol, containing freshly added 2 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 mg mL-1
PVPP. The assay mixture was desalted using Sephadex G-50. Peroxi-
dase (POX) activity was measured using guaiacol as a substrate. The
reaction mixture comprised a 50 mM potassium phosphate buffer (pH
6.1), 1% (v/v) guaiacol, 0.07% (v/v) H202, and a sample extract. The
increase in absorbance due to the oxidation of guaiacol was measured at
470 nm. Catalase (CAT) activity was measured as the disappearance of
H30,. The reaction mixture consisted of 100 mM potassium phosphate
buffer (pH 6.8), 40 mM H30-, and the sample extract. The decrease in
absorbance owing to the disappearance of HoO, was measured at 280
nm. Glutathione reductase (GR) activity was measured using NADPH as
a substrate. The reaction mixture consisted of 48 mM HEPES buffer (pH
7.8), 1.4 mM MgCl,, 0.5 mM EDTA, 0.3 mM glutathione disulfide, 1.4
mM NADPH, and desalted sample extract. The decrease in absorbance
due to NADPH oxidation was measured at 340 nm. Superoxide dis-
mutase (SOD) activity was measured as the disappearance of superoxide
formed by the reaction between xanthine and xanthine oxidase (XOD).
The reaction mixture comprised a 45 mM potassium phosphate buffer
(pH 7.8), 0.089 mM EDTA, 0.013 mM previously oxidised cytochrome c,
0.096 mM xanthine, and desalted sample extract. A variable amount of
xanthine oxidase (depending on how much it was needed to reach a
slope of 20 mOD min’l) was added before the measurement. The in-
crease in absorbance owing to the disappearance of superoxide was
measured at 550 nm. Finally, for APX activity, samples (0.05 g) were
homogenised in a 0.15 mL extraction buffer comprising 100 mM po-
tassium phosphate buffer (pH 7.5) and 1 mM ascorbic acid. APX activity
was measured using the disappearance of HyO». The reaction mixture
comprised 41 mM phosphate buffer (pH 7), 0.4 mM ascorbic acid, 14.5
mM H50,, and the sample extract. The decrease in absorbance owing to
the disappearance of HyO, was measured at 280 nm. The results of all
enzymatic activities were related to the total soluble protein measured
in the same extracts (Bradford, 1976). A SynergyTM HT Multi-Detection
Microplate Reader (BioTek Instruments Inc., Winooski, VT, USA) was
used for absorbance measurements.

SOD isoenzymes were characterised by SOD activity staining
(Beauchamp and Fridovich, 1971; Bridges and Salin, 1981). Electro-
phoresis was performed on 15% acrylamide gels, followed by the
photochemical method of Beauchamp and Fridovich (1971) to localize
SOD activity. The three isoenzymes (MnSOD, CuZnSOD, and FeSOD)
were distinguished by their different sensitivities to the inhibitors KCN
(inhibits CuZnSOD) and H5O5 (inhibits CuZnSOD and FeSOD). In-
hibitors were added to the staining solution before adding to the gels,
and the gels were incubated in the staining solution for 70 min before
exposure to light. The presence of the same amount of protein was
confirmed by Coomassie Brilliant Blue staining of parallel gels. The gels
were scanned with a GS-800 densitometer, and the intensity of the bands
was quantified using the Quantity One software (Bio-Rad, Hercules, CA,
USA). Different isoenzymes were quantified by gel band intensity and
normalised to the total protein content.

2.3. Statistical analysis

Samples were taken from both experiments, and individual plants
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were considered biological replicates.

Mean values of all parameters of untreated plants of each population
are listed in Suppl. Table 1, and possible differences between untreated
plants were evaluated using the Student’s t-test (significant when p <
0.05). The same test was used to compare by pairs untreated plants to
each dose of glyphosate in each population. Significant differences are
highlighted with asterisks.

All statistical analyses were performed using SPSS 27 software.
Graphs were constructed using the Sigma Plot 12 software.

3. Results

Preliminary studies were performed to determine the range of
glyphosate doses to be applied to obtain responses that could facilitate
the detection of oxidative stress. Sensitive plants were treated with
several doses up to 7FR (Supplementary Fig. S1). Finally, the final ex-
periments were performed by applying 0.5, 1, 2, and 3FR doses. Leaves
of all treated plants remained green and turgid after three days.
Nevertheless, all treated S individuals died in less than two weeks after
glyphosate application; even the 0.5FR treatment was enough to kill
them.

R plants were treated with four different doses, with the highest one
in 6FR. Resistant plants were not affected visually at the moment of
sampling. Even the 6FR treatment did not result in mortality for R in-
dividuals, although some visual effects were detected.

3.1. Shikimate accumulation evidences EPSPS inhibition in treated S
plants and not in treated R plants

The accumulation of shikimate in plant tissue can be used to
distinguish resistant and sensitive plants. Shikimate accumulation was
observed in leaf disk tissue from S plants, evidencing that EPSPS was
inhibited (Fig. 1). The shikimate accumulation was very noticeable in all
treated S plants and was maximised when the plants were sprayed with

16 ——— ]
S 4
|~ B * ]

12

10

Shikimate (ug/disc)
[02]

Glyphosate dose (times FR)

Fig. 1. Shikimate content in Amaranthus palmeri sensitive (S, white) and
resistant (R, black) populations treated with different glyphosate doses (X-axis,
times recommended field rate or FR, FR = 0.84 kg ha1!). Mean & SE (n =
4-13). Significant differences between treatments and the respective untreated
plants of each population are marked with asterisks (Student’s t-test, p-value
< 0.05).
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FR. Significant shikimate accumulation was observed in the R popula-
tion only with the highest glyphosate doses (3 and 6FR).

3.2. ROS were accumulated in treated S plants and not in treated R plants

The treated S plants showed significant ROS accumulation. Un-
treated R plants showed higher H,O5 values than untreated S plants
(Suppl. Table 1), but as shown in Fig. 2A, glyphosate caused a significant
increase in HyOy content in S plants, exceeding 250% of that in un-
treated plants. The increase was not proportional to glyphosate dose as
all treated plants, even those treated with 0.5FR, showed a similar HyO4
content. In terms of the O3 content, the pattern was similar with a sig-
nificant increase in the former radical in the treated S plants (Fig. 2B).
The pattern of R plants was completely different as both untreated and
treated plants showed similar levels of ROS, regardless of the applied
dose.

3.3. Small oxidative damage in S plants treated with high glyphosate
doses

The S and R plants also responded differently in terms of the
oxidative damage caused by glyphosate (Fig. 3). MDA equivalent con-
tent was measured as an indicator of lipid peroxidation. Basal MDA
levels were similar in untreated S and R plants; however, in S plants, it
increased with the glyphosate dose, reaching a remarkable level in
plants treated with 3FR (Fig. 3A). Basal protein carbonylation level was
also similar between untreated S and R plants (Suppl. Table 1). Never-
theless, carbonyl groups did not change with glyphosate dose in the S
plants (Fig. 3B). Consistent with the results of ROS accumulation, R
plants did not suffer oxidative damage to lipids or proteins due to the
action of glyphosate.

3.4. General and non-enzymatic antioxidant response

General antioxidant capacity was measured using ABTS and DPPH
assays. Both populations showed a similar basal antioxidant capacity
and did not vary significantly between treatments, as observed in both
the ABTS and DPPH assays (Fig. 4).

Nonetheless, by delving into the different classes of antioxidants,
some significant tendencies were found, such as in the case of gluta-
thione, ascorbate, and related compounds (Figs. 5 and 6). In the case of
glutathione, both reduced (GSH, Fig. 5A) and oxidised (GSSG, Fig. 5B)
forms increased with the glyphosate dose in the S plants. Therefore, total
glutathione content (Fig. 5E) also increased significantly with glypho-
sate dose in this population. Cysteine (Fig. 5C) and y-glutamyl-cysteine
(GGG, the first precursor in the GSH synthesis pathway, Fig. 5D))
showed a pattern similar to glutathione. The GSH-to-GSSG ratio did not
vary (Fig. 5F). The R population showed a very similar basal level to the
S population in all these parameters; however, none of these changed
significantly with any glyphosate dose (only a slight and non-significant
increase in GSSG (Fig. and a subsequent decrease in the GSH to GSSG
ratio could be detected).

As far as ascorbate is concerned, the pattern of ascorbic acid (Fig. 6A)
and dehydroascorbate (Fig. 6B) in the S population was almost opposite.
A dose-dependent decrease in ascorbic acid was detected (Fig. 6A),
whereas DHA tended to slightly increase with glyphosate dose (Fig. 6B).
Because the majority of ascorbate was in the form of ascorbic acid, the
sum of both ascorbate forms (Fig. 6C) drew a similar pattern to ascorbic
acid, and the ascorbic acid/dehydroascorbate ratio (Fig. 6D) reached
very low values with high glyphosate doses owing to the oxidation of the
ascorbate pool. R plants showed basal values similar to those of S plants
for all four parameters. Contrary to the S population, ascorbic acid and
the sum tended to increase with high glyphosate doses, while no
appreciable variations were observed in the ascorbic acid/dehy-
droascorbate ratio.
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Fig. 2. Hydrogen peroxide (A) and superoxide (B) content in Amaranthus palmeri sensitive (S, white) and resistant (R, black) populations treated with different
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Fig. 3. Malondialdehide (MDA) equivalents (A) and relative intensity of carbonyl groups in membranes (B) in Amaranthus palmeri sensitive (S, white) and resistant
(R, black) populations treated with different glyphosate doses (X-axis, times recommended field rate or FR, FR = 0.84 kg ha™1!). Mean + SE (A: n = 4; B: n = 3).
Protein carbonyl groups were normalised to the total protein content. Significant differences between treatments and the respective untreated plants of each

population are marked with asterisks (Student’s t-test, p-value < 0.05).

3.5. Marginal glyphosate-dependent variations in most antioxidant

enzymes

In terms of the enzymatic antioxidant activity, the pattern of each
enzyme was different; therefore, no common patterns were detected.
However, in general terms, non-significant variations were predominant

(Fig. 7). The basal activities of all enzymes were similar in both pop-
ulations. CAT activity (Fig. 7A) of the S population decreased transito-
rily with FR but increased again with 2FR and 3FR. POX (Fig. 7B) was
the most affected enzyme in the S population, significantly increasing
with glyphosate dose. GR activity (Fig. 7C) also tended to increase in the
S population, but this increase was very small. None of these three
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enzymes showed significant variation for changing glyphosate doses in
the R population. APX activity (Fig. 7D) was extremely variable between
individuals of both populations.

S plants (treated with 2FR or lower) maintained a similar SOD ac-
tivity to untreated plants, but it increased in the sample treated with 3FR
(Fig. 8); however, there was no variation in the SOD activity in R plants.
SOD isoenzymes were characterised in untreated plants and plants
treated with FR and 3FR. The three isoenzymes, MnSOD, CuZnSOD1,
and CuZnSOD2, did not respond similarly, although in all of them the
level in untreated S and R plants was similar (Suppl. Table 1). CuZn-
SOD2 was the one that increased more in the two populations with FR
and 3FR, reaching a relative intensity of 300% of the control in both
populations. The patterns of MnSOD and CuZnSOD1 were similar; both
increased with 3FR in S plants and decreased with the same dose in R
plants. In particular, the decrease in MnSOD was significant, which was
the only significant variation in the R population for all the measured
parameters. Nevertheless, the variability in relative intensities was high,
especially in the S population.

4. Discussion

As observed in other studies, shikimate accumulated more in S than
R plants that had received herbicide treatments (Barco-Antonanzas
et al., 2022; Fernandez-Escalada et al., 2016), evidencing that R plants
overexpressing EPSPS have not completely inhibited EPSPS activity.
Consequently, the milder physiological effects of glyphosate in R plants
can be related to a lack of inhibition of EPSPS activity.

Accumulating evidence has shown that glyphosate enhances ROS
formation in plants (Ahsan et al., 2008; Gomes et al., 2017; Gomes and
Juneau, 2016; Zhong et al., 2018) and green algae (lummato et al.,
2019). This study confirmed that HyO» and superoxide accumulated in
the leaves of sensitive plants after five days of glyphosate treatment, and
accumulation was not dose-dependent. H,O» was the ROS that accu-
mulated the most in response to glyphosate. Although the superoxide
formation was higher in treated leaves of S plants, it was not as apparent
as HoO probably due to the biochemical differences between both ROS.
Superoxide is a short-lived and locally produced molecule, whereas
H»0, is the most stable ROS, which makes it most prone to accumulation
(Demidchik, 2015).

Lipid peroxidation (detected as MDA accumulation) was detected in
the S population after the application of the highest dose of glyphosate,

as observed by Maroli et al. (2015) in other two A. palmeri populations.
In general, lipid peroxidation is a well-known secondary effect of
oxidative stress and in the case of the oxidative stress detected after
glyphosate it has been described in many other plant species, including
maize, soybean, rice, duckweed, and peanuts (Ahsan et al., 2008; Gomes
and Juneau, 2016; Iummato et al., 2019; Moldes et al., 2008; Radwan
and Fayez, 2016; Sergiev et al., 2006; Soares et al., 2019; Zhong et al.,
2018). Protein carbonylation, which is also a classical oxidative damage
marker, did not occur after glyphosate treatment in any population.
Although glyphosate-induced protein carbonylation has been observed
in other species, such as Arabidopsis thaliana treated with high glypho-
sate doses (de Freitas-Silva et al., 2017), it has a much less reported
effect than lipid peroxidation. In addition, the effects reported by de
Freitas-Silva et al. (2017) were observed 14 days after glyphosate
treatment (3 days in the current study). The lack of protein carbonyla-
tion and the dose-dependency of MDA indicated that the moderate
oxidative damage was not the cause of plant death after glyphosate
exposure, as 0.5FR was sufficient to kill all S plants; however, a much
higher dose was necessary to induce significant MDA accumulation.

In S plants, glutathione is synthesised in a larger quantity propor-
tional to the glyphosate dose. Glyphosate-induced accumulation or
enhanced synthesis of GSH has also been reported in other plant species
and green algae, such as peas, peanuts, and Arabidopsis thaliana (de
Freitas-Silva et al., 2017; Iummato et al., 2019; Jain and Bhalla-Sarin,
2000; Miteva et al., 2010; Romero et al., 2011; Sergiev et al., 2006;
Zulet et al., 2015). Vivancos et al. (2011) analysed the glutathione status
in glyphosate-sensitive and glyphosate-resistant soybean and found that
GSH synthesis was only enhanced in the sensitive samples, despite the
significant glyphosate accumulation in resistant samples. This suggests
that the effect on GSH homeostasis is modulated in response to
glyphosate-dependent alterations in the shikimate pathway and amino
acid metabolism and is not due to the mere presence of glyphosate. Our
results corroborate this trend in A. palmeri, showing an accumulation of
glutathione forms and the precursors in the biosynthetic pathway (Cys
and GGC) in S plants and no significant changes in R plants.

The content of ascorbic acid decreased with glyphosate treatment in
S plants, contrary to the effect detected in glutathione. According to
Gomes et al. (2017), a reduction in the ascorbate pool in treated plants
may be due to a reduced electron transport rate that results from
photosynthetic damage caused by glyphosate. The dehydroascorbate
content, however, showed a slight upward trend, which probably means
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that ascorbic acid was partially oxidised to dehydroascorbate. These
changes in glutathione and ascorbate levels show that glyphosate dis-
rupts the redox balance of the ascorbate-glutathione pathway in S
plants, an unmistakable sign of oxidative stress. In R plants, the ascorbic
acid pool (and thus, the sum of ascorbic acid and dehydroascorbate)
increased with the highest glyphosate dose. This indicates that glypho-
sate induces minimal antioxidant activation in resistant plants. The
importance of this result is questionable given the absence of oxidative
damage and inconsiderable variations in antioxidant capacity and
glutathione metabolism.

In the present study, alterations in non-enzymatic antioxidants were
generally not accompanied by major increases in enzymatic activities.
Despite the changes in glutathione and ascorbate in the S population, GR
and APX activities (two of the main enzymes of the ascorbate-
glutathione pathway) did not change. Previous studies on CAT have
shown inconsistent results, with its glyphosate-dependent variations
increasing (Hernandez-Garcia and Martinez-Jeronimo, 2020; Kielak
et al., 2011), not changing (Ke et al., 2021), or decreasing (da Silva
Santos et al., 2020; lummato et al., 2019; Yu et al., 2021). In the current
study, the SOD activity did not vary significantly with glyphosate dose in
the S population; however, it tended to increase with the highest dose,

and there were no changes in the R population. A characterisation assay
revealed that CuZnSOD2 contributed the most to this pattern in the S
population. Both MnSOD and CuZnSOD1 increased in S plants treated
with 3 FR, and FR was sufficient to observe a CuZnSOD2 increase;
however, these increases were not significant. The fact that SOD can be
inactivated by Hy02 (Kronberg et al., 2021) could explain why SOD
activity increases only slightly despite superoxide accumulation.
Although all SOD isoenzymes have similar functions and affinities,
MnSOD is mitochondria-based; meanwhile, CuZnSOD is present in the
cytosol and many cellular locations, such as chloroplasts (Kim et al.,
2010; Stephenie et al., 2020), which may be the cause of the lower
responsiveness of MnSOD.

Thus, the only enzymatic activity that increased in response to
glyphosate in the S population was POX, an effect already observed in
other studies (Moldes et al., 2008). Peroxidases are a vast group of en-
zymes that, among other functions, act as HyO; scavengers and their
activity can increase because of membrane lipid peroxidation (Radwan
and Fayez, 2016). Although this would explain the similarities between
lipid peroxidation and POX activity, it would not explain why it was the
only activated enzymatic activity. Peroxidases have many functions
apart from those of antioxidants, which might be responsible for changes
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in POX activity under different circumstances. In this case, the increase
in POX activity could be linked to glyphosate-induced changes in the
phenolic metabolism, which consist of an increase in the amount of
benzoic acid and other soluble hydroxyphenolics, which is directly
induced by shikimate pathway disruption (Canal et al., 1987). More-
over, in the plant defence mechanisms modulated by glyphosate lipid
peroxidation and plant defense-related phytohormones are affected
(Fuchs et al., 2021). Besides that, it cannot be discarded that the increase
of oxidative stress markers in S plants could be related to the inhibition
of biosynthesis of several phenolic antioxidants derived from the shiki-
mate pathway (Hoagland, 1980).

A clear oxidative stress was detected in the S plants treated with the
highest dose of glyphosate, as evident by lipid peroxidation and the
oxidised ascorbate pool. The induction of the activity of the antioxidant
enzymes SOD or GSH was not sufficient to prevent oxidative damage in S
plants. However, there are some stress markers apart from oxidative
stress and other physiological effects attributed to glyphosate in other
plant species, such as ethylene accumulation (Lee and Dumas, 1983),
decreased auxin levels (Jain and Bhalla-Sarin, 2001; Lee and Dumas,
1983), and cyanotoxin production (Hernandez-Garcia and

Martinez-Jerénimo, 2020). Indeed, glutathione production may be
related to multiple detoxification functions (de Freitas-Silva et al.,
2017). Therefore, the increase in GSH content may be a response to
glyphosate toxicity triggered by a blockade of the shikimate pathway
(Jain and Bhalla-Sarin, 2001), although it acts as a redox buffer and
H30, scavenger. There may be different immediate causes for the in-
crease in the GSH content. One of them could be a decrease in the levels
of auxin (Lee and Dumas, 1983) and porphyrin-containing enzymes
caused by the action of glyphosate (Jain and Bhalla-Sarin, 2001). It may
also enhance glutathione S-transferase (GST) activity, an enzyme that
detoxifies xenobiotics by catalysing the conjugation of GSH, and its
activity has been reported to increase in response to glyphosate (Ahsan
et al., 2008; Chen et al., 2017; Jain and Bhalla-Sarin, 2001; Miteva et al.,
2010; Sergiev et al., 2006). A significant increase in the amino acid pool
in treated S plants may also be responsible for the enhanced glutathione
synthesis. Indeed, all glutathione precursors accumulated after glypho-
sate accumulation in both A. palmeri (Fig. 4) and Pisum sativum (Zulet
et al., 2015). Unlike glutathione synthesis, oxidation and subsequent
GSSG formation are an effect of ROS accumulation.

Unlike treated plants in the S population, treated R plants did not die,



M.V. Eceiza et al.

>

1200

-5
-8R
__ 1000 F ]
8
a
T 800 1 5
B 8
2 3
S wof : 3
z 2
2 k<]
S 400 ] o
o) it
8 (@)
200 | 1 3
8
=)
olu s L s L s s
0 1 2 3 4 5 6 =
3
Glyphosate dose (times FR) P

S0 S1 RO S3 R1 R3

600

500

400

300

200

Journal of Plant Physiology 274 (2022) 153720

s
- R

CuznsSoD1 CuznSoD2 MnSOD

MnSOD

Glyphosate dose (times FR)

CuZnSOD-1

CuZnSOD-2

Fig. 8. SOD activity (A) and relative intensity in gels of different SOD isoenzymes (B) in Amaranthus palmeri sensitive (S, white) and resistant (R, black) populations
treated with different glyphosate doses (X-axis, times recommended field rate or FR, FR = 0.84 kg ha™'). Mean + SE (A: n = 4; B: n = 6). Significant differences
between treatments and the respective untreated plants of each population are marked with asterisks (Student’s t-test, p-value < 0.05). A representative gel is

shown (C).

accumulate shikimate (to the same extent as S plants), accumulate ROS,
or suffer oxidative damage. This confirms that EPSPS overexpression not
only protects resistant A. palmeri plants from shikimate pathway
disruption caused by glyphosate, but also from the induced oxidative
stress that was detected in S plants after EPSPS inhibition. This implies
that oxidative stress caused by glyphosate in A. palmeri is related to
EPSPS inhibition and shikimate pathway blocking, as suggested by
Ahsan et al. (2008) and Sergiev et al. (2006) for maize and rice,
respectively. Furthermore, the similarity in terms of the antioxidant pool
between untreated S and R plants of this study indicated that EPSPS
overexpression is not accompanied by an increased tolerance to oxida-
tive stress. On the contrary (Maroli et al., 2015), described another
A. palmeri biotype where glyphosate resistance due to EPSPS over-
expression was complemented by antioxidant systems.

Although several studies have demonstrated that glyphosate induces
oxidative stress in plants, the exact mechanism by which ROS are
generated remains unknown. Typical ROS sources in stressed plants
include the electron transport chain (ETC) of chloroplasts and mito-
chondria (Demidchik, 2015), NADH/NADPH-dependent ETC, and
xanthine oxidase in peroxisomes (del Rio et al., 2006). Gomes and
Juneau (2016) performed confocal evaluations for duckweed and
revealed that ROS are initially produced outside of the chloroplast upon
glyphosate exposure, and thus proposed mitochondrial ETC as a po-
tential target of glyphosate and the possible origin of HyO,. Addition-
ally, POX activity is a possible source of ROS. Peroxidases generate
superoxide anions and can either detoxify or generate HyO (Martinez
et al., 1998; Mika et al., 2010), indicating that increased POX activity
may be responsible for ROS generation. This hypothesis is reinforced by
the similarities between ROS content and POX data, both of which are
high in treated S plants. As explained before, the increase in POX activity
is presumably due to factors other than ROS accumulation, indicating
that this group of enzymes probably acts as a ROS source rather than a

10

scavenger. Superoxide generation due to increased POX activity has
been demonstrated to be a central mechanism for various abiotic and
biotic stresses (Chang et al., 2012; Demidchik, 2015; Steffens et al.,
2013).

Shikimate accumulation indicates EPSPS inhibition in S plants, and a
clear oxidative stress was detected. ROS accumulation and oxidative
stress barely occur in R plants, which show only a moderate increase in
POX activity at an extremely high glyphosate dose, when EPSPS was
affected, as indicated by shikimate accumulation. These results indicate
that oxidative stress is related to EPSPS and it is prevented in R plants
overexpressing EPSPS. However, the exact mechanisms linking oxida-
tive stress and EPSPS inhibition remain unclear. Some other physio-
logical aspects of the mode of action of glyphosate would lead to
oxidative stress, such as the content of metabolites derived from the
shikimate pathway (phenylpropanoids, anthocyanines).

5. Conclusion

In summary, the data obtained in this study demonstrate that
glyphosate causes secondary physiological effects in A. palmeri, beyond
the direct effects of shikimate pathway disruption. One of these effects is
mild oxidative stress, which has demonstrated to be a secondary effect of
EPSPS inhibition, as plants overexpressing the enzyme do not show
changes in the oxidative markers. The oxidative stress manifested in
lipid peroxidation and changes in the antioxidant pool in the sensitive
population were probably related to the ROS production due to POX
activity, which in turn is related to EPSPS inhibition. Further research on
the physiological mechanisms linking POX activity with EPSPS inhibi-
tion is needed to confirm this hypothesis. Some lethal doses did not
induce major oxidative damage, even in the sensitive population, indi-
cating that glyphosate toxicity is independent of induced oxidative
stress.
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