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A B S T R A C T

Drought is a major environmental factor that can trigger oxidative stress and affect plant growth and pro-
ductivity. Previous studies have shown that exogenous nitric oxide (NO) can minimize oxidative stress-related
damage through the modulation of antioxidant enzyme activity. Fructan accumulation also has an important
role in drought tolerance, since these carbohydrates participate in osmoregulation, membrane protection and
oxidant scavenging. Currently, there are few studies investigating NO-regulated fructan metabolism in response
to abiotic stresses. In the present study, we sought to determine if treating plants of Lolium perenne with S-
nitrosoglutathione (GSNO), a NO donor, improved drought tolerance. Two-month-old plants received water
(control), GSNO and reduced glutathione (GSH) as foliar spray treatments and were then maintained under
drought or well-watered conditions for 23 days. At the end of drought period, we evaluated growth, pigment
content and antioxidant and fructan metabolisms. None of these conditions influenced dry mass accumulation,
but the leaves of plants treated with GSNO exhibited a slight increase in pigment content under drought. GSNO
treatment also induced 1-SST activity, which was associated with a 3-fold increase in fructan content. GSNO-
treated plants presented higher GR activity and, consequently, increased GSH levels. L. perenne cv. AberAvon
was relatively tolerant to the water stress condition employed herein, maintaining ROS homeostasis and miti-
gating oxidative stress, possibly due to fructan, ascorbate and glutathione pools.

1. Introduction

Drought represents a major environmental factor that is known to
impact growth and productivity of plants (Ahmad et al., 2015; Fàbregas
and Fernie, 2019). It is predicted that climate changes will result in
drought periods, that are expected to be more intense and frequent in
the subtropical band, resulting in expansion of dry areas to the Poles
(Seneviratne et al., 2012; Trenberth et al., 2014). In fact, it has been
proposed that these changes could modify the carbon balance in Eur-
opean grasslands (Soussana and Luescher, 2007), consequently redu-
cing primary production on temperate pastures (De Boeck et al., 2008).

Plant responses to abiotic stresses include the modulation of tran-
scriptional, proteomic and/or metabolic pathways, which together
contribute to cell protection (Fàbregas and Fernie, 2019). Previous

studies have shown that under stress there is an increase in reactive
oxygen species (ROS) production, including the generation of hydrogen
peroxide (H2O2) and hydroxyl radical (OH), which can potentially react
with and damage cell structures, proteins, lipids, carbohydrates and
nucleic acids, and in some cases result in cell death (Gill and Tuteja,
2010; Khan et al., 2015). On the other hand, ROS also function as
crucial components of signaling pathways involved in the regulation of
several physiological processes in plants (Mittler, 2017). The anti-
oxidant defense system responsible for ROS homeostasis is composed of
enzymatic (e.g. ascorbate peroxidase, catalase and glutathione re-
ductase) and non-enzymatic (e.g. ascorbate, glutathione and sugars)
components (Gill and Tuteja, 2010; Fàbregas and Fernie, 2019).

Under drought conditions, Festuca arundinacea (Jiang and Huang,
2001), Oryza sativa (Wang et al., 2005), Poa pratensis (Bian and Jiang,
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2009; Xu et al., 2011), Dactylis glomerata (Ji et al., 2014), Guzmania
monostachia (Abreu et al., 2018) and Agropyron cristatum (Sheikh-
Mohamadi et al., 2017, 2018) have all been reported to present upre-
gulated antioxidant enzyme expression and activity, thus supporting
the role of ROS homeostasis when challenged with this stress.

Nitric oxide (NO) is another important molecule involved in
drought signaling pathways (Salgado et al., 2017), interacting with
several stress signaling molecules. It is well established that under
drought NO regulates the synthesis and sensing of the phytohormone
abscisic acid (ABA), modulating seed germination, stomatal closure,
photosynthesis, among others (Prakash et al., 2018; Begara-Morales
et al., 2019). Additionally, NO derivatives, including peroxynitrite
(ONOO−), dinitrogen trioxide (N2O3) and S-nitrosoglutathione
(GSNO), the main form of NO storage in cells, modulate gene expres-
sion and enzyme activity through post-translational modifications such
as nitration and S-nitrosylation, consequently altering metabolic ac-
tivities in response to abiotic stresses (Zaffagnini et al., 2016; Salgado
et al., 2017). Indeed, NO can regulate the activity of some enzymes
from antioxidant metabolism, promoting an increase in the levels of
non-enzymatic antioxidant compounds (e.g. reduced glutathione; GSH),
thereby protecting plants against oxidative damage (Yang et al., 2015;
Begara-Morales et al., 2016, 2019; Hasanuzzaman et al., 2018a;
Nguyen et al., 2018; Nabi et al., 2019). Previously, it was shown that
ascobate peroxidase (APX) and gluthatione reductase (GR) activities
increased, due to protein S-nitrosylation, in Antiaris toxicaria seeds
treated with NO, resulting in a reduction of oxidative damage during
desiccation (Bai et al., 2011). In addition, exogenous treatment with
sodium nitroprusside (SNP), a NO donor, was shown to prevent oxi-
dative damage to the photosynthetic apparatus and control ROS accu-
mulation, as observed in Crambe abyssinica under water deficit (Batista
et al., 2018).

Several studies have shown that sugars, such as raffinose oligo-
saccharides, can scavenge ROS (Nishizawa et al., 2008; Schneider and
Keller, 2009; Hernandez-Marin and Martínez, 2012; Soares et al.,
2018). Fructans are another class of oligo and polysaccharides capable
of scavenging ∙OH and other ROS (Peshev et al., 2013; Soares et al.,
2018). These sugars originate from sucrose and are stored in the plant
vacuoles (Wagner et al., 1983; Darwen and John, 1989), and have been
described as antioxidants. Based on these findings, it has been proposed
that vacuoles should be included in the cellular antioxidant network
(Peshev and Van den Ende, 2013; Soares et al., 2018).

Furthermore, fructan degree of polymerization (DP) has also been
associated with antioxidant capacity. For example, in wheat seedlings
exposed to drought, it was shown that the accumulation of high DP
fructan ensured a rapid ∙OH elimination and protection against oxida-
tive damage (Nemati et al., 2018). In addition, fructans also influence
tissue water retention and membrane stabilization during drought
(Pilon-Smits et al., 1995, 1999; Hincha et al., 2007). Despite evidences
associating fructan metabolism regulation and NO to abiotic stresses,
studies on this subject are still limited. In fact, until now, only one study
using wheat plants has shown that exogenous NO treatment upregu-
lated the expression and activity of the enzymes involved in fructan
synthesis, and that this response increased protection against damages
caused by low temperatures (Li et al., 2013).

Perennial ryegrass (Lolium perenne L.) is one of the most pre-
dominant species in temperate grasslands, due to its rapid establish-
ment, high herbage production, defoliation tolerance and high digest-
ibility by grazing cattle (Meuriot et al., 2018). However, its cultivation
may be affected by the predicted increase in drought episodes, due to
climate change (Westermeier et al., 2016; Buttler et al., 2019). L. per-
enne presents a complex and diverse fructan metabolism, with four
synthesis enzymes already characterized: sucrose:sucrose 1-fructosyl-
transferase (1-SST) (Chalmers et al., 2003), fructan:fructan 1-fructo-
syltransferase (1-FFT) (Lasseur et al., 2006), fructan:fructan 6G-fruc-
tosyltransferase (6G-FFT) (Lasseur et al., 2006), and sucrose:fructan 6-
fructosyltransferase (6-SFT) (Lasseur et al., 2010). Additionally, two

hydrolysis enzymes, 1-fructan exohydrolase (1-FEH) and 6-fructan
exohydrolase (6-FEH), were isolated and characterized (Marx et al.,
1997; Lothier et al., 2007, 2014). Hence, due to the extensive knowl-
edge about fructan metabolism in L. perenne, this species constitutes an
interesting model to investigate fructan metabolism regulation by NO
and its role in drought tolerance.

In this study, we treated L. perenne plants with the NO donor, GSNO,
and respective controls, prior to exposing the plants to drought condi-
tion. We evaluated the potential NO-mediated antioxidant and fructan
metabolism regulation and determined how these responses could
contribute to drought tolerance in this species.

2. Material and methods

2.1. Plant material and treatments

Seeds of Lolium perenne L. cv. AberAvon were obtained from the
Laboratory Écophysiologie Végétale, Agronomie & Nutritions (UMR
INRA-UCN 950), Université de Caen, France, placed in 280mL pots (12
seeds per pot) containing sand and vermiculite (3:1) and kept in a
greenhouse at Instituto de Botânica, São Paulo, Brazil (23° 38′ 26.4″ S,
46° 37′ 22.0″ W). The plants were irrigated with a modified half
strength EVA nutrient solution containing: 1 mM NH4NO3, 0.4 mM
KH2PO4, 0.15mM K2HPO4, 3mM CaCl2, 0.5 mM MgSO4, 1mM K2SO4,
0.2 mM NaFe EDTA, 14 μM H3BO3, 5 μM MnSO4, 3 μM ZnSO4, 0.7 μM
CuSO4, 0.7 μM (NH4)6Mo7O24 and 0.1 μM CoCl2 (Prud'homme et al.,
1992), every 7 days. After two months, 90 pots were placed inside three
separate transparent plastic boxes (65 L), covered with porous plastic to
allow gas exchanges with the environment. Plants placed in each box
were sprayed with 60mL of either water, 100mM reduced glutathione
(GSH) or 100mM S-nitrosoglutathione (GSNO). Fifteen pots in each box
were maintained under well-irrigated condition (control) while the
remaining 15 were submitted to drought by watering suspension. At the
start of the experiment, all pots were watered to field capacity and five
pots from each treatment were weighed every 48 h, in order to monitor
soil water evaporation during watering suspension. Well-irrigated
plants received 15mL of water after each weight assessment to main-
tain the soil water status, and water, GSH or GSNO were sprayed on the
leaves every 48 h. After spraying, the boxes were covered and re-
opened the next day to allow excess water to evaporate from the so-
lutions. After 23 days of watering suspension, plant leaves from each
treatment were sampled and separated into three biological replicates
(5 pots per replicate), immediately frozen in liquid nitrogen, pulverized
and stored at−80 °C. Subsequent biochemical analyses were performed
in triplicate (Fig. S1).

2.2. Analyses of plant and soil water status

Four plants of each treatment were collected and separated in leaf
sheaths and leaf blades to determine fresh and dry weight, and water
content, using the equation

WC=[(FW/DW) x 100]

where WC represents the water content, FW the fresh weight and DW
the dry weight of the samples.

For sap osmotic potential analysis, frozen pulverized leaves were
weighed in 1.5 mL tubes with a perforated bottom, and the sap was
collected in another intact tube by centrifugation at 16000 g. Osmotic
potential was measured using a vapor pressure osmometer (model
5520, VAPRO, Wescor, Logan, UT). Osmolarity was converted from
mmol kg−1 into MPa using the Van't Hoff equation: MPa=mmol
kg−1× 2.58×10−3 (Santa-Cruz et al., 2002). A dew point psy-
chrometer (Model WP4, Decagon Devices, Inc., Pullman, WA) was used
to determine soil water potential. Soil from rhizosphere was collected
from three pots of each treatment and transferred to circular sampling
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capsules with a 12.5m3 capacity.

2.3. Chlorophyll and carotenoids quantification

Chlorophyll extracts were obtained from 100mg of powdered leaves
homogenized in pure acetone and ultrasonicated for 15min. The ex-
tracts were centrifuged at 8000 g for 10min at 4 °C and the supernatants
collected. This procedure was repeated once and the supernatants were
pooled and measured spectrophotometrically at 662, 645 and 470 nm
for chlorophyll a, chlorophyll b and carotenoids content, respectively
(adapted from Munné-Bosch and Lalueza, 2007). Pigment concentra-
tions were determined according to the equations presented by
Lichtenthaler and Buschmann (2001).

2.4. S-nitrosothiols quantification

S-nitrosothiols (SNO) content was analyzed using the method of
Saville (1958), and followed the modifications described by Frungillo
et al. (2013). Using 100mg of fresh leaves homogenized in 100mM
phosphate buffer, pH 7.2, the SNO content was estimated by hydrolysis
in the presence of mercuric salts, yielding equivalent amounts of nitrous
acid. The nitrous acid was then quantified spectrophotometrically at
550 nm, by monitoring changes in brilliant azo dye absorbance, ob-
tained by reaction with sulphanilamide and N-(1-naphthyl) ethylene-
diamine.

2.5. H2O2 and ∙OH levels

ROS levels were measured in 100mg of powdered leaves homo-
genized in 1mL of 0.1% (w/v) trichloroacetic acid (TCA). The homo-
genates were centrifuged at 12000 g for 20min at 4 °C (Velikova et al.,
2000). For H2O2 content, 10 mM potassium phosphate buffer (pH 7.0)
and 1M KI were added to the leaf extract (1:2:1, v/v/v), and the re-
action mixture was incubated on an ice bath, in the dark, for 10min.
Each sample was measured spectrophotometrically at 350 nm and H2O2

content was determined based on a standard H2O2 curve, adapted from
Junglee et al. (2014).

For ∙OH content, 200mg of frozen leaves were homogenized in
1.5 mL of a 6mM potassium phosphate buffer (pH 7.4) containing
15mM 2-deoxy-D-ribose, and the homogenates were centrifuged at
16000 g, 4 °C for 25min. The supernatants were collected and in-
cubated at 37 °C for 2 h (adapted from Beligni and Lamattina, 2002).
The reaction between ∙OH, present in the leaf extract, and 2-deoxy-D-
ribose yields malondialdehyde (MDA), which is quantified by mixing
equal parts of the extract with 1% (w/v) thiobarbituric acid (TBA) in
50mM NaOH and 2.8% (w/v) TCA. After combining all the reaction
components, the mixture was incubated at 100 °C for 20min (Halliwell
et al., 1988), the absorbance was measured at 532 and 600 nm, and
MDA content was calculated according to Heath and Packer (1968).

2.6. Lipid peroxidation

Lipid peroxidation extraction was achieved by adding 1mL of 0.1%
(w/v) TCA to 100mg of powdered leaves and centrifuging the samples
at 15600 g for 10min at 4 °C. Assays were conducted according to
Boaretto et al. (2014). Absorbance readings and MDA content de-
terminations were described previously in section 2.5.

2.7. Ascorbate and glutathione content

Total, reduced and oxidized ascorbate levels were quantified ac-
cording to Gillespie and Ainsworth (2007). Ascorbate was extracted
from 100mg of powdered leaves by adding 1mL of 6% TCA. Reduced
ascorbate content was estimated by the reduction of the ferric to ferrous
ion by ascorbate, which forms a complex with α-ά-bipyridyl and ab-
sorbs at 525 nm. The total ascorbate pool was quantified by adding

dithiothreitol (DTT) and N-ethylmaleimide prior to the α-ά-bipyridyl
reaction, thus promoting the reduction of oxidized ascorbate (DHA) to
the anion form. The oxidized pool was calculated by subtracting the
reduced ascorbate pool from the total ascorbate pool.

Reduced, oxidized and total glutathione were quantified as de-
scribed by Israr et al. (2006), with some modifications. Briefly, 100mg
of powdered leaves was added to 2mL 0.1% (w/v) sulfosalicylic acid,
and then centrifuged at 11000 g for 20min at 4 °C. To quantify the re-
duced pool, sample extracts were mixed with 0.5mM EDTA and 0.3 mM
5,5′dithio-bis-(2-nitrobenzoic acid) (DTNB), both being previously di-
luted in potassium phosphate buffer (pH 7.0). After 5min, an aliquot
was transferred to a microplate and the absorbance was measured at
412 nm. Total glutathione was quantified by adding 50 μL of 0.5 mM
NADPH, previously diluted in 100mM potassium phosphate buffer (pH
7.0), and 1 μL of glutathione reductase to the initial mixtures. After
20min, aliquots of the solutions were transferred to a microplate and
the absorbance was measured. The oxidized pool was calculated by
subtracting the reduced glutathione pool from the total glutathione
pool.

2.8. Antioxidant enzyme activities

Extracts for measuring antioxidant enzyme activities were obtained
by homogenizing 200mg of powdered leaves in 2mL of 1M potassium
phosphate buffer (pH 7.5), 1 mM EDTA and 50mM NaCl. The homo-
genates were centrifuged at 11000 g for 15min at 4 °C (modified from
Souza et al., 2013). All the enzyme activities were determined in the
same extract, using different substrates. Data were collected for 2min
in a spectrophotometer with a reading interval of 15 s. Glutathione
reductase (GR, EC 1.8.1.7) activity was determined by the rate of
NADPH consumption at 340 nm, according to Schaedle and Bassham
(1977). Ascorbate peroxidase (APX, EC 1.11.1.11) activity was de-
termined by the rate of H2O2-dependent ascorbate oxidation at 290 nm,
according to Weng et al. (2007).

2.9. Soluble carbohydrate contents

To determine soluble carbohydrate content, 200mg of powdered
plant material was homogenized in 80% ethanol, and maintained at
80 °C for 15min. The sample was subsequently centrifuged at 10000 g
for 15min and the supernatant was collected and transferred to a fresh
tube. This process was repeated once more with the pellet, and a third
extraction was performed using pure water at 60 °C for 15min (adapted
from Lothier et al., 2007). All of the resulting supernatants were pooled
and concentrated to dryness in a SpeedVac, resuspended in 150 μL
deionized water and analyzed for reducing sugar (Somogyi, 1945) and
total fructose content (i.e. sum of free fructose and fructosyl residues
included mainly in sucrose and fructans), for determination of fructan
content (Jermyn, 1956).

2.10. Fructan enzyme activities

The protein extraction for determining fructan enzyme activities
was performed as described by Lasseur et al. (2006), and the enzymatic
assays were conducted according to Table 1. Products formed following
the incubations were analyzed using high performance anion exchange
chromatography and pulse amperometric detector (HPAEC/PAD)
equipped with a 4× 250mm CarboPac PA-1 column on a Dionex
system (model ICS 3000, Dionex, Sunnyvale, CA, USA), as described by
Asega et al. (2008). Enzyme activities were calculated by direct mea-
surement of the products, using the external standard method.

2.11. Statistical analyses

Shapiro-Wilk normality tests indicated that all the data followed a
normal distribution. Two-way ANOVA analyses were used to compare
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the means between the different leaf spray treatments (water, GSH and
GSNO) and soil water conditions (well-irrigated control and drought).
The level of significance was set at p≤ 0.05. One-way ANOVA analyses
were used to compare the means of the different spray treatments under
the same irrigation condition. When significant differences were de-
tected, a post-hoc Tukey's honestly significant difference (HSD) test was
also performed, with the level of significance set at p≤ 0.05. Principal
component analysis (PCA) was carried out using the following para-
meters: leaf water potential, all enzyme activities and SNO, H2O2, ∙OH,
GSSG, GSH, AsA, DHA, MDA, reducing sugar and fructan levels. The
PCA was performed from the correlation matrix with data standardized
by Z-transform. The randomization test (999 permutations) was used to
choose the PCA interpretation dimension, with the level of significance
set at p≤ 0.05. All analyses were conducted with the Past3 program
(Hammer et al., 2001).

3. Results

3.1. Plant and soil water status

No significant changes in leaf biomass were observed at the end of
the experimental drought treatment (Fig. 1A–B). However, under this
condition, plants exhibited significant reductions in leaf water content,
1.4–1.7-fold lower (Fig. 1C–D), as well as significantly reduced leaf
water potential, presenting values that were 1.5–1.9-fold lower than
control plants (Fig. 2A). Under well-irrigated condition, the leaf water
potential was 7.5% higher (less negative) in the GSNO spray treatment
when compared to water and GSH treatments. As expected for hydrated
soils, the soil water potential was zero for the well-irrigated control
condition, while these values fell to approximately −4 to −5 MPa
under drought condition (Fig. 2B). Except for the GSNO under well-
irrigated condition, none of the other spray treatments caused any
significant changes in the water status of the soil or plants.

Table 1
Substrates, incubation time and the enzyme product analyzed for determination of fructan enzyme activities.

Enzyme EC Substrate Final concentration Incubation time Product analyzed

1-SST 2.4.1.99 Sucrose 100mM 2 h 1-kestrotriose
INV 3.2.1.26 Sucrose 100mM 2 h Fructose
1-FFT 2.4.1.100 1-kestotriose 100mM 2 h Nystose
6G-FFT 2.4.1.243 Sucrose + 1-kestotriose 100 + 100 mM 2 h 6G-kestotriose
FEHs (1-FEH + 6-FEH) 3.2.1.153

3.2.1.154
Fructans from Lolium perenne 5% 2 h Fructose

Fig. 1. Dry weight (DW) of leaf sheaths (A) and leaf
blades (B) and water content (WC) of leaf sheaths (C)
and leaf blades (D) of Lolium perenne submitted to
foliar spraying with water (W), 100mM reduced
gluthatione (GSH) or 100mM S-nitrosogluthatione
(GSNO) and then grown under well-irrigated
(Control) and watering suspension (Drought) condi-
tions for 23 days. Bars represent the average ±
standard error. The p-values from ANOVA results are
presented and significant effects (i.e. p < 0.05) are
shown in bold. S. Treat (isolated effect of spraying
treatments), SWC (isolated effect of soil water con-
ditions) and S. Treat× SWC (interaction between
spraying treatments and soil water conditions).
Lower case letters compare treatments in the well-
irrigated condition and upper case letters compare
treatments in the drought condition (p < 0.05).
Letters were added only when statistical differences
were observed.

Fig. 2. Leaf water potential (A) and soil water potential (B) of Lolium perenne
submitted to foliar spraying with water (W), 100mM reduced gluthatione
(GSH) or 100mM S-nitrosogluthatione (GSNO) and then grown under well-ir-
rigated (Control) and watering suspension (Drought) conditions for 23 days.
Bars represent the average ± standard error. The p-values from ANOVA results
are presented and significant effects (i.e. p < 0.05) are shown in bold. S. Treat
(isolated effect of spraying treatments), SWC (isolated effect of soil water
conditions) and S. Treat× SWC (interaction between spraying treatments and
soil water conditions). Lower case letters compare treatments in the well-irri-
gated condition and upper case letters compare treatments in the drought
condition (p < 0.05). Letters were added only when statistical differences were
observed.
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3.2. Chlorophyll and carotenoids contents

As shown in Fig. 3A–D, the drought condition resulted in significant
decreases in chlorophyll and carotenoids contents when compared to
well-irrigated L. perenne plants. However, plants under drought and
treated with GSNO, showed a slight increase in total chlorophyll
(a + b) (Fig. 3B) and carotenoids (Fig. 3D), when compared to control
plants sprayed with water, under the same conditions.

3.3. S-nitrosothiols content, oxidative markers and antioxidant metabolism

Under drought, GSH and GSNO foliar spray treatments promoted a
non-significant 2-fold increase in SNO content (Fig. 4A). On average,
plants exposed to drought after water foliar spray presented lower H2O2

(Fig. 4B) and ∙OH (Fig. 4C) levels, reduced by approximately 41% and
33%, respectively, with no significant differences related to GSH or
GSNO foliar application. Moreover, under well-irrigated condition and
GSNO treatment, H2O2 and ∙OH leaf contents were reduced by 23% and
19%, respectively, when compared to water sprayed leaves. Lipid

peroxidation levels were not affected by water availability or foliar
spray treatments (Fig. 4D).

Under drought, the levels of ascorbate (AsA) (Fig. 5A) decreased
regardless of foliar spray treatments. Well-irrigated and drought
stressed plants treated with GSH exhibited both reduced levels of DHA,
39% and 82% lower, respectively, (Fig. 5C), positively affecting the
AsA:DHA ratio (Fig. 5E). Under well-irrigated condition, an increase of
77% in DHA was observed for GSNO compared to water-treated plants.
GSSG content (Fig. 5D) increased in all foliar spraying-treated plants
under well-irrigated condition with the highest accumulation in GSNO-
treated plants. However, drought led to significant reductions in GSSG
levels, regardless of the spraying treatment. Meanwhile, GSH content
was not affected by any of the treatments applied (Fig. 5B). Conse-
quently, due to the substantial reductions in GSSG content, the
GSH:GSSG ratio was 2.3–10.3-fold higher in plants exposed to drought,
when compared to well-irrigated control plants (Fig. 5F). APX activity
(Fig. 5G) was not significantly affected by the different treatments.
Finally, drought significantly increased GR activity, but no significant
differences were detected among spraying treatments (Fig. 5H).

Fig. 3. Chlorophyll a (A), chlorophyll b (B), chlorophyll a+b (C) and carotenoids (D) contents of Lolium perenne submitted to foliar spraying with water (W), 100mM
reduced gluthatione (GSH) or 100mM S-nitrosogluthatione (GSNO) and then grown under well-irrigated (Control) and watering suspension (Drought) conditions for
23 days. Bars represent the average ± standard error. The p-values from ANOVA results are presented and significant effects (i.e. p < 0.05) are shown in bold. S.
Treat (isolated effect of spraying treatments), SWC (isolated effect of soil water conditions) and S. Treat× SWC (interaction between spraying treatments and soil
water conditions). Lower case letters compare treatments in the well-irrigated condition and upper case letters compare treatments in the drought condition
(p < 0.05). Letters were added only when statistical differences were observed.

Fig. 4. S-nitrosotiols (A), H2O2 (B), ∙OH (C) and lipid
peroxidation (D) content of Lolium perenne submitted
to foliar spraying with water (W), 100mM reduced
gluthatione (GSH) or 100mM S-nitrosogluthatione
(GSNO) and then grown under well-irrigated
(Control) and watering suspension (Drought) condi-
tions for 23 days. Bars represent the average ±
standard error. The p-values from ANOVA results are
presented and significant effects (i.e. p < 0.05) are
shown in bold. S. Treat (isolated effect of spraying
treatments), SWC (isolated effect of soil water con-
ditions) and S. Treat× SWC (interaction between
spraying treatments and soil water conditions).
Lower case letters compare treatments in the well-
irrigated condition and upper case letters compare
treatments in the drought condition (p < 0.05).
Letters were added only when statistical differences
were observed.
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3.4. Soluble sugar contents and fructan metabolism

Under drought condition fructan content increased significantly
(Fig. 6A), with plants treated with GSNO displaying values that were
2.6-fold higher than well-irrigated control plants. Reducing sugar con-
tents was significantly affected by drought (Fig. 6B).

Concomitant to the increase in fructan content, a significant in-
crease in 1-SST activity was observed in drought stressed plants sprayed
with GSH (1.5-fold) and GSNO (1.7-fold) (Fig. 7A), although a slight
decrease of 6G-FFT activity was observed under the same conditions
(Fig. 7B). On the other hand, these treatments induced an increase in
6G-FFT activity under well-irrigated condition (Fig. 7B). As shown in
Fig. 7D, FEH activity was not affected by drought, but under well-ir-
rigated condition, GSNO spray treatment inhibited the activity of this
enzyme by 14%. Although there was a tendency for GSNO treatment to
reduce 1-FFT activity in plants from both soil water conditions
(Fig. 7C), and to slightly increase INV activity in well-irrigated plants
(Fig. 7E), no significant changes were detected.

3.5. Principal component analysis

Principal component analysis summarized 59% of the total data
variability on the two first axes (Fig. 8), a value considered significant,
based on the randomization test (p < 0.005). All samples from well-
irrigated plants were positioned on the positive side of Axis 1, which is
indicative of a correlation with leaf water potential (LWP, r > 0.8),
AsA (ASC, r > 0.7), GSSG (r > 0.7) and H2O2 (r > 0.7). Conversely,
all samples under drought were located on the negative side of Axis 1,
being correlated with total fructan content (FRUC, r < −0.9) and GR
activity (r < −0.8). Concerning Axis 2, all samples of the well-irri-
gated controls, two of the GSH-treated, one of the GSNO-treated, all of
the drought GSNO-treated and two of the GSH-treated were correlated
with ∙OH (r > 0.7) and reducing sugars (RS, r > 0.65). Additionally,
two of the well-irrigated GSNO-treated, all of the water-treated, and
one drought GSH-treated samples were correlated with 6G-FFT activity

Fig. 5. Ascorbate (AsA) (A), GSH (B), DHA (C), GSSG
(D) contents, ratios of AsA:DHA (E) and GSH:GSSG
(F), and activities of APX (G) and GR (H) of Lolium
perenne submitted to foliar spraying with water (W),
100mM reduced gluthatione (GSH) or 100mM S-ni-
trosogluthatione (GSNO) and then grown under well-
irrigated (Control) and watering suspension
(Drought) conditions for 23 days. Bars represent the
average ± standard error. The p-values from
ANOVA results are presented and significant effects
(i.e. p < 0.05) are shown in bold. S. Treat (isolated
effect of spraying treatments), SWC (isolated effect of
soil water conditions) and S. Treat× SWC (interac-
tion between spraying treatments and soil water
conditions). Lower case letters compare treatments in
the well-irrigated condition and upper case letters
compare treatments in the drought condition
(p < 0.05). Letters were added only when statistical
differences were observed.

Fig. 6. Fructan (A) and reducing sugar (B) contents of Lolium perenne submitted
to foliar spraying with water (W), 100mM reduced gluthatione (GSH) or
100mM S-nitrosogluthatione (GSNO) and then grown under well-irrigated
(Control) and watering suspension (Drought) conditions for 23 days. Bars re-
present the average ± standard error. The p-values from ANOVA results are
presented and significant effects (i.e. p < 0.05) are shown in bold. S. Treat
(isolated effect of spraying treatments), SWC (isolated effect of soil water
conditions) and S. Treat× SWC (interaction between spraying treatments and
soil water conditions). Lower case letters compare treatments in the well-irri-
gated condition and upper case letters compare treatments in the drought
condition (p < 0.05). Letters were added only when statistical differences were
observed.
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(6GFFT, r < −0.5). In summary, the PCA analysis revealed that the
spraying treatments had distinct effects on fructan and antioxidant
metabolisms, associated with soil water condition.

4. Discussion

Leaf water content and leaf water potential data (Figs. 1 and 2)
showed that suspending irrigation for 23 days was sufficient to induce
water deficit in two-month-old plants of L. perenne. In fact, soil water
potential (Fig. 2) was lower than leaf water potential, preventing water
absorption by the roots. Pretreating the plants with GSH or GSNO did
not affect water content, when comparing with water-sprayed plants
under drought. Hence, the NO donor, at least in the concentrations used
herein, did not prevent water loss in L. perenne plants, different from
what was previously described for wheat and sugarcane under water
deficit (García-Mata and Lamattina, 2001; Silveira et al., 2016, 2017;
Hasanuzzaman et al., 2018b). In the present study, foliar pigment

content of the NO donor-treated plants was affected to the same extent
by drought (Fig. 3), suggesting that NO does not alleviate the negative
effects on photosynthesis, observed during drought stress, and opposite
to what was observed with crambe (Batista et al., 2018), wheat and
maize plants (Prabhu et al., 2018).

Fructans are osmorregulators and the metabolism of these sugars is
modulated under drought conditions in several Poaceae and Asteraceae
species (De Roover et al., 2000; Feng et al., 2009; Garcia et al., 2011,
2015), including L. perenne (Amiard et al., 2003). Changes in fructan
metabolism in response to drought usually involve increased hydrolysis
activity, decreased fructan DP and increased osmoregulation capacity
(Portes et al., 2008; Garcia et al., 2011, 2015). However, the observed
induction of 1-SST activity in plants of L. perenne (Fig. 7A) could also
lead to the accumulation of fructan-oligosaccharides, a result that was
reported earlier in chicory roots (De Roover et al., 2000). Furthermore,
the role of fructan accumulation in drought tolerance has been pre-
viously discussed for L. perenne (cv. Bravo) (Amiard et al., 2003), and
osmotic adjustment, cell membrane stability and soluble carbohydrate
accumulation have all been correlated with drought tolerance in L.
perenne (Chai et al., 2010).

For L. perenne cv. AberAvon, the low ROS content and the main-
tenance of lipid peroxidation status (Fig. 4B–D) suggest that plants were
able to prevent oxidative damage, both in GSH and GSNO spraying
treatments. The increased fructan content may be an underlying me-
chanism associated with this response, since fructans stabilize the cell
membrane during desiccation (Livingston et al., 2009) and can mitigate
oxidative damage by scavenging ∙OH (Peshev et al., 2013). A similar
study with wheat seedlings submitted to water deficit also demon-
strated an increase in fructan synthesis and resulted in higher stress
tolerance, presumably through increased ROS scavenging and main-
tenance of lipid peroxidation status (Nemati et al., 2018). In a drought-
sensitive wheat cultivar, increased fructan synthesis activity did not
increase fructan content, but rather increased fructan DP. On the other
hand, a drought-tolerant cultivar with higher 1-FFT and 1-SST activ-
ities, showed both, increases in fructan content and DP (Nemati et al.,
2018). Although an increase in fructan DP was not observed for L.
perenne (data not shown), fructan content did increase under drought,
most notably in the GSNO treatment, suggesting that NO regulated
fructan metabolism, contributing to drought tolerance in the AberAvon
cultivar.

Both GSH and GSNO treatments induced the accumulation of SNOs
in leaves (Fig. 4A), similar to what was reported for sugarcane under
water deficit (Silveira et al., 2016). As previously suggested by Silveira
et al. (2016), exogenous GSH could promote GSNO formation due to the
increased NO release under stress conditions, and the drought-related
increased SNO content could, in turn, modulate protein S-nitrosylation
(Lindermayr et al., 2005). However, under drought, only 1-SST and 6G-
FFT were modulated by NO in vivo, while in well irrigated plants, only
FEH was under NO regulation (Fig. 7A and B). Even though fructan
enzymes have putative S-nitrosylation and nitration sites in their se-
quences (Table S1), the post-translational regulation of these enzymes
by SNOs is still not clear. Protein S-nitrosylation largely depends on the
microenvironment of the reactive cysteine residue, and on the proxi-
mity of basic or acidic residues (Zaffagnini et al., 2016). Although NO
modulated the activity of some fructan enzymes on in vitro experiments
(data not shown), the cellular chemical environment and other en-
dogenous factors may have not favored S-nitrosylation of fructan and
antioxidant enzymes in vivo in our experimental conditions. In addition,
the use of DTT as a reducing agent, during the fructan enzyme ex-
traction procedure, not only disrupts disulfide bridges, but can also
remove NO from binding sites (Raju et al., 2012; Sehrawat et al., 2013),
further complicating the assessment of the effects of S-nitrosylation in
vivo. Provided NO has been shown to directly regulate the expression of
genes from different metabolic pathways (Begara-Morales et al., 2014;
Moro et al., 2017), fructan enzyme activites could be also regulated at
the transcriptional level.

Fig. 7. Activities of 1-SST (A), 6G-FFT (B), 1-FFT (C), FEHs (D) and INV (E) of
Lolium perenne submitted to foliar spraying with water (W), 100mM reduced
gluthatione (GSH) or 100mM S-nitrosogluthatione (GSNO) and then grown
under well-irrigated (Control) and watering suspension (Drought) conditions
for 23 days. Bars represent the average ± standard error. The p-values from
ANOVA results are presented and significant effects (i.e. p < 0.05) are shown
in bold. S. Treat (isolated effect of spraying treatments), SWC (isolated effect of
soil water conditions) and S. Treat× SWC (interaction between spraying
treatments and soil water conditions). Lower case letters compare treatments in
the well-irrigated condition and upper case letters compare treatments in the
drought condition (p < 0.05). Letters were added only when statistical dif-
ferences were observed.
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Likewise, GSH pretreatment modulated 1-SST activity in L. perenne.
It was previously shown that glutathione can modify protein structure
and function by changing the thiol-disulfide balance (Noctor et al.,
2011). Disulfide bonds between cysteine residues can inhibit the ac-
tivity of some enzymes, as observed with bovine vacuolar ATPase (Feng
and Forgac, 1992). Previous studies have shown that fructan enzymes,
1-FEH IIa from C. intybus (Verhaest et al., 2005) and 6-SFT from Pa-
chysandra terminalis (Lammens et al., 2012), both contain disulfide
bonds, which could serve as an additional redox regulation mechanism
for fructan metabolism under stress conditions. Besides, we cannot
exclude the possibility that these enzymes can be regulated by glu-
tathionylation, a reversible post-translational modification which can
occur spontaneously, especially in presence of ROS/RNS (Zaffagnini
et al., 2012, 2016).

Under watering suspension, the redox status of glutathione shifted
from an oxidized to a reduced state, as evidenced by the GSH:GSSG
ratio (Fig. 5B, D, F). This response is probably due to an increase in GR
activity (Fig. 5G), which would be expected to improve the recovery of
GSH and decrease GSSG levels. Similar to glutathione, ascorbate was
also shifted toward a more reduced state, especially in the plants pre-
treated with GSH, which is justified by the fact that DHA can be che-
mically reduced to ascorbate by GSH (Fig. 5A, C, E). According to Foyer
and Noctor (2011), plants with elevated GR activity exhibit increased
foliar AsA content and improved oxidative stress tolerance. Indeed,
higher AsA and GSH contents, along with the induction of the AsA-GSH
cycle enzymes, were found to be associated with lower oxidative da-
mage during osmotic stress in a drought-resistant wheat variety
(Lascano et al., 2001). Additionally, a positive correlation between AsA
content and drought tolerance was observed for different wheat geno-
types (Roy et al., 2017). Therefore, under drought conditions employed
in our study, L. perenne maintains an antioxidant pool under reduced
state, that together with fructan accumulation, ensures greater drought
resistance through the prevention of oxidative damage.

It has been reported that SNP treatment, prior to or concomitant
with drought stress, can modulate the activity of antioxidant enzymes
in L. perenne, Poa pratensis, Cynodon dactylon and Oryza sativa, thus
minimizing the deleterious effects of stress (Farooq et al., 2009; Boogar
et al., 2014). S-nitrosylation could be involved in the NO-induced in-
crease in the activity of AsA-GSH pathway enzymes, as previously

shown for seeds of Antiaris toxicaria under desiccation (Bai et al., 2011).
Although no significant differences were detected in this work, slightly
higher APX and GR activities (Fig. 5G and H) were observed in GSNO-
treated plants under drought, suggesting that exogenous NO could
upregulate the activity of both enzymes, and perhaps contribute to the
maintenance of ascorbate-glutathione status in L. perenne.

As shown in Fig. 8, the PCA clearly indicated the existence of two
distinct groups, corresponding to well-irrigated and drought-stressed
plants. Plants of L. perenne responded to drought stress by increasing the
activities of 1-SST and GR, which consequently increased fructan and
GSH contents. These molecules act to scavenge ROS and stabilize cell
structures, thereby preventing oxidative stress and providing protection
against desiccation. The higher SNO content detected under drought is
associated with GSH and GSNO treatments, but did not seem to mod-
ulate the activity of the fructan enzymes evaluated in this study. Further
assessments of the involvement of S-nitrosylation on fructan metabo-
lism responses to drought should be performed to confirm this hy-
pothesis.

5. Conclusions

L. perenne cv. AberAvon, reported as having high soluble sugar
content, was relatively tolerant to the water stress imposed. A slight
association between drought tolerance and GSNO spraying treatment
was detected and related to increased fructan synthesis and content.
Despite drought imposition, L. perenne mitigated oxidative stress
through the modulation of fructan, ascorbate and glutathione pools
(Fig. 9).

The regulation of fructan metabolism by GSNO and GSH seems to be
complex and may involve hormone or other signaling pathways. Future
studies focused on effectively detecting S-nitrosylation and S-glu-
tathionylation of fructan enzymes need to be conducted to elucidate the
molecular mechanisms underlying fructan metabolism regulation by
GSH and GSNO.
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