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Abstract
Soil salinity is one of the most devastating problems which reduces crop production and increases desertification. New approaches to overcome the negative effect of salinity on plants include the use of plant biostimulants,
such as Xyloglucan oligosaccharides (XGOs) derived from the breakdown of xyloglucans from plant cell walls.
The present study aimed at verifying the influence of exogenous XGOs derived from Tamarindus indica L. cell
walls, on Arabidopsis thaliana’s tolerance to salt stress by understanding the gene expression, enzymatic and
metabolic changes resulting from its application. A. thaliana plants were grown in liquid media and after 15 days
they were treated by a salt shock with 100 mM of sodium chloride, with or without XGOs at 0.1 mg L-1. Gene expression of four oxidative stress markers as well as catalase and peroxidase activities and content of glutathione,
total carbonyl, polyphenolics and chlorophyll were quantified. Bioinformatic models were used to obtain the
co-expression network of the four oxidative stress response gene markers from microarray data of Arabidopsis
under salt stress. Results showed that in saline conditions, XGOs dramatically increased catalase gene expression and enzymatic activity, peroxidase activity, and chlorophyll a/b ratio, while reducing protein oxidation and
total polyphenols. Thus, XGOs may act to counteract negative effects of oxidative stress under saline conditions.
Keywords: Arabidopsis thaliana, antioxidative response, salinity stress, xyloglucan oligosaccharides.
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1. Introduction
Among the various environmental stresses, salin-

gen (Abogadallah 2010). In plants, these molecules

ity in soil or water is one of the most devastating

are formed due to the incomplete reduction of mo-

problems affecting commercial crop production.

lecular oxygen caused by the energy flow during

Soils affected by salinity are those where the electri-

electron transfer. ROS are produced continuously,

cal conductivity exceeds 4 dSm-1 (≈ 40 mM sodium

principally in chloroplasts, mitochondria and per-

chloride) and also contain excessive soluble salts.

oxisomes, and are induced by various stresses at all

The most abundant, soluble, persistent and detrimen-

phases of development (You and Chan 2015). Over-

tal salt in saline soils worldwide is sodium chloride

production of ROS is highly detrimental and results

(NaCl). Consequently, salt stress is induced mainly

in cellular damage, including membrane destruction,

by Na and Cl− ions which can be transported into

lipid peroxidation, pigment oxidation, protein dena-

and out of cells (Abogadallah, 2010).

turation and DNA mutation, which ultimately results

Plants react to salt stress by inducing numerous

in cell death. Plants possess efficient enzymatic and

mechanisms. Adverse consequences of salt stress

non-enzymatic antioxidative systems to avoid oxida-

include effects on seed germination, plant growth

tive damage and maintain non-toxic levels of ROS.

and development, enzymatic activity and disrup-

Several ROS-scavenging enzymes in plants work

tion of photosynthesis (Abogadallah, 2010), the

together to detoxify ROS, including catalase (CAT),

latter being one of the most important effects. The

ascorbate peroxidase (APX), glutathione reductase

photosynthetic response to salt stress is highly

(GR) and peroxiredoxin (Prx) (You and Chan 2015).

complex, but the most relevant feature of this pro-

Different strategies in agricultural practices have been

cess includes a reduction in the concentration of

developed to overcome the negative effect of salin-

chlorophyll (Chl) and damage to the photosynthet-

ity in plants, increase nutrient uptake and enhance

ic apparatus. Chloroplasts possess up to 70% of to-

crop performance. Some organic molecules are able

tal leaf proteins and their degradation can alter the

to activate plant metabolism and improve their per-

photosynthetic capacity of plants and consequently

formance under different kind of stresses in a short

crop yield. Recently, expression of a nuclear-en-

period of time and inexpensively (Bulgari et al.,

coded Arabidopsis gene for chloroplast vesicula-

2015). New approaches include the use of plant bios-

tion (CV) under abiotic stress was reported, spe-

timulants, bioactive compounds that operate through

cifically under salt stress with NaCl. Its function

different mechanisms to fertilizers. Biostimulants are

is to target and destabilize chloroplasts for protein

usually able to enhance tolerance to biotic and abiotic

degradation and induce the formation of vesicles

stresses in plants and improve their nutrient use ef-

enclosing thylakoid proteins (Wang and Blumwald

ficiency which in consequence, allow a reduction in

2014).

fertilizers without affecting yield and quality (Bulgari

Another consequence of saline growth condition

et al., 2015). However, it is not possible to suggest a

is the generation of oxidative stress at the cellular

common mode of action for all formulations because

level, characterized by the presence of transitorily

they derive from multiple sources or contain a variety

active reactive oxygen species (ROS), such as the

of bioactive components which together, may contrib-

hydroxyl radical, superoxide radical and singlet oxy-

ute to specific effects in plants.

+
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Xyloglucan oligosaccharides (XGOs), derived from

changes. The overall aim was to gain a better under-

the breakdown of xyloglucans, are gaining importance

standing of their mechanism of action in support of

in agriculture as well as in their use as functional food

their application as plant biostimulants.

ingredients, in the pharmaceutical industry, and feed
formulations (Kozioł et al., 2015). Xyloglucan is found

2. Materials and Methods

in all cell walls of all vascular plants and is the major
hemicellulose polysaccharide in the primary cell wall

2.1. Xyloglucan Oligosaccharides (XGO)

of eudicots and non-graminaceous monocots. Xyloglucan consists of a β-(1→4)-glucan backbone substituted

Xyloglucan (XG) polysaccharide was extracted from

with α-(1→6)-xylosyl residues in a regular pattern,

tamarind (Tamarindus indica L.) seeds and purified

as well as occasional galactosyl or fucosyl residues

as described previously (Cutillas-Iturralde et al.,

(Kozioł et al., 2015). It is a valuable source for natu-

1998). Trichoderma viride cellulase (Sigma) was

ral polysaccharides and oligosaccharides with specific

used to digest the XG polysaccharide, and the xy-

biological activity (Cabrera et al., 2012).

loglucan oligosaccharides (XGOs) produced were

XGOs from tamarind (Tamarindus indica L.) seeds

isolated by ultrafiltration (Amicon centrifugal filter

showed biological activity at concentrations of 0.1

devices MWcut off 5,000 Da). The retentate fraction

mg L-1 in Nicotiana tabacum and Arabidopsis thali-

(containing the enzyme and undegraded polysac-

ana (Cabrera et al., 2012). These oligosaccharides are

charides) was discarded and the permeate fraction

thus characterized by their activity as biostimulants at

containing the XGOs was exhaustively dialyzed

very low concentration. XGOs also had a significant

against deionized water (Spectra/Por MWcut off

effect on plant growth and on the expression of genes

500 Da) and freeze dried. The isolated XGO frac-

related to cell signaling, metabolism, division, tran-

tion showed no cellulase activity and protein could

scriptional control and stress response in tobacco BY-2

not be detected. The uniformity of the XGO mix-

cells (González-Pérez et al., 2014). One notable finding

ture was confirmed by gel filtration analysis through

from the microarray analysis of tobacco BY-2 cells was

BioGel P2 (Bio-Rad Laboratories, Inc., Hercules,

the large number of stress responsive genes that were

CA, USA). XGO composition was assessed using

differentially expressed. This suggests a link between

Matrix Assisted Laser Desorption Ionisation-Time

XGO treatment and abiotic stress protection, which

of Flight (MALDI-TOF) spectrometry (Mazumder

may be of relevance for their use as plant biostimulants

et al., 2005). Mass spectra revealed XGO ions with

and as part of the mechanism of XGO action. Despite

m/z of 791, 953, 1085, 1247 and 1409 corresponding

the fact that XGOs are emerging as a new class of natu-

to (M+Na)+ adduct ions of XXG, XXGG, XXXG,

rally occurring biostimulants, to our knowledge there

XXLG/XLXG (XGO isomers are not discriminated

are no previous studies on plant gene expression, pro-

by MALDI-TOF analysis), and XLLG respectivelly

tein concentrations, enzyme activity or metabolic re-

(Table 1). The XGO mixture was chiefly XLLG and

sponses related to oxidative stress mediated by XGOs

XXLG, with a lower proportion of XXXG XXGG

under saline conditions.

and XXG, as classified by Fry et al, (1993). Relative

The present work was focused on assessing the effects

proportions of xyloglucan oligosaccharides obtained

of XGOs on A. thaliana’s response to salt shock by

by MALDI and HAEC-PAD analysis were similar

analyzing gene-expression, enzymatic and metabolic

(data not show).
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Table 1. XGO composition in cellulase hydrolysates of Tamarindus indica L. xyloglucan as determined my
MALDI-TOF mass spectrometry.
(M+Na)+
m/z

Number of glucosyl
residues

Assigned structureb

a

Relative proportion
(%)

791

Hex3Pent2

XXG

3

953

Hex4Pent2

XXGG

7

1085

Hex4Pent3

XXXG

16

1247

Hex5Pent3

XXLG/XLXG

36

1409

Hex6Pent3

XLLG

33

a

Number of glucosyl residues: The deduced number of hexosyl (Hex) and pentosyl (Pent) residues in each oligosaccharide

b

Nomenclature according Fry et al. (1993).

2.2. Plant materials and growth conditions

intermediate salt level (Shavrukov 2013) or a combination of both (XGO + NaCl). The concentration of

Seeds of A. thaliana (L.) Heynh, ecotype Col-0, were

XGO was selected based on previous experiments as

surface sterilized and grown in 100 mL of Murashige

an optimal concentration for eliciting plant respons-

and Skoog (MS) liquid media (Murashige and Skoog

es. In Arabidopsis thaliana, XGOs were previously

1962), in a growth chamber (DAIHAN Scientific,

evaluated from 0.005 to 10 mg L-1; however, higher

model WISD, Korea) at 23 °C in long-day conditions

concentrations exhibited an inhibitory effect on seed

(16 h light/ 8 h dark), at 50 % relative humidity and

germination, root development and plant growth. The

200 rpm for 15 days. After that time, the exhausted

optimal XGO concentration for eliciting an increase

medium was discarded and replaced with fresh MS

in primary root elongation and leaf development was

medium and plants were maintained for 24 hours

0.1 mg L-1 (González-Pérez et al., 2014; González-

under the same conditions. This step was performed

Pérez et al., 2012; Cabrera et al., 2012).

to reduce any stress that might occur as a result of

According to previous studies, salt shock is an ex-

the change of medium. Subsequently, leaf samples

treme form of salt stress and after 24–72 hours of

were taken at Time 0 (T0), which served as a nega-

NaCl application, the concentration of Na+ in the

tive control for all analyses. Remaining plants were

cytoplasm may be close to toxic levels (Shavrukov

immediately transferred into fresh media containing

2013). Thus, plants were grown in each solution (with

0.1 mg L XGO (corresponding to 0.1 µM) or 100

or without salt) from 24 to 72 hours after induction.

mM sodium chloride to induce a salt shock, as an

Leaf samples were taken at time intervals and were

-1
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immediately frozen in liquid nitrogen and stored at

the TAIR database (The Arabidopsis Information

-80 °C until used. Each experiment was repeated to

Resource, https://www.arabidopsis.org/) and us-

generate three biological replicates.

ing the program Primer3 (http://bioinfo.ut.ee/
primer3-0.4.0/). Gene specific primers were de-

2.3. RNA extraction and quantitative RT-PCR

signed for amplification of catalase, based on a

Total RNA was obtained from 100 mg of plant leaves

detect both isoforms simultaneously (EC 1.11.1.6,

collected at times 0, 24 and 72 hours after induction

CAT, At1g20620), L-Ascorbate Peroxidase 1 (EC

using a PureLink RNA mini kit (Ambion, Life tech-

1.11.1.1, APX, At1g07890), Peroxiredoxin Q (EC

nologies, USA) and following the manufacturer’s in-

1.11.1.15, Prx Q, At3g26060) and Glutathione Re-

structions. Residual DNA was removed by treatment

ductase 2 (EC 1.6.4.2, GR, At3g54660) genes as

of the extracted total RNA with RNase free DNase

oxidative stress response markers (Table 2). The

I (Ambion, Life technologies, USA) and verified by

previously reported set of primers for Chloroplast

1 % agarose gel electrophoresis. RNA concentra-

Vesiculation gene (CV, At2g25625) were used to

tion was measured by spectrophotometry (BMG

analyze CV expression as a marker for chloroplast

LABTECH GmbH, model FLUOstar Omega, Germa-

degradation (Wang and Blumwald 2014). The in-

ny). To perform the quantitative reverse transcription

ternal reference genes selected were the Arabidop-

and polymerase chain reaction (qRT-PCR) assays,

sis housekeeping gene Actin-2 (ACT-2, At3g18780)

aliquots of RNA were prepared by dilution of the ob-

and the Arabidopsis ubiquitin-conjugating enzyme

tained product to a final concentration of 300 ng µL .

gene (UBC, At5g25760). Both sets of primers

Gene specific primers for A. thaliana were de-

were from Sigma (USA) and used according to the

signed from the annotated sequences reported in

manufacturer´s instructions.

conserved region of catalase 2 and 3 in order to

-1

Table 2. Primers used for real time PCR analysis. The gene identification corresponds to the sequence annotated
in the TAIR database (The Arabidopsis Information Resource, https://www.arabidopsis.org/) and used as template
for primer design. F: forward and R: reverse primers.
Gene Identification

TAIR Accession number

Catalase 3

At1g20620

L-ascorbate peroxidase 1

At1g07890

Peroxiredoxin Q

At3g26060

Glutathione reductase 2

At3g54660

Primer Identification

Sequence (5'->3')

AtCAT3-F

GATCATGGGCACCAGACAGG

AtCAT3-R

CGGCTTGCAAGTTTCTGTCC

AtAPX1-F

CACCCATCATGGTCCGACTC

AtAPX1-R

CTTGCTCAGCGTCAAACCTCA

AtPRXQ-F

GCTGGTGCAGAGGTCATTGG

AtPRXQ-R

TCCAGGCACTCCCCAATCTT

AtGR2-F

GGGCTGTTGGGGATGTTACTG

AtGR2-R

CCAATAGGTGGCTGGGAGAAAAC
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The complementary DNA (cDNA) synthesis and

plants, GSE5620) and salt stress (150 mM NaCl,

amplification were performed using a Super-

GSE5623) conditions were obtained by analyz-

Script® III Platinum® SYBR® Green One-Step

ing the Gene Expression Omnibus (GEO) da-

qRT-PCR Kit (Invitrogen by Life technologies,

tabase (Barrett et al., 2011). Microarray data

USA), according to the manufacturer´s instruc-

analysis was conducted as follows: public data

tions. Thermal cycling conditions were set at 3

was extracted and processed using the GEOquery

min hold at 50 °C for cDNA synthesis and 95 °C

package in Bioconductor. After individual mi-

for 5 min hold, followed by 40 cycles consisting

croarrays analysis, different probes were mapped

of 15 s at 95 °C, 45 s at 60 °C and 1 min at 40

with the corresponding Entrez gene identifica-

°C in a Touch™ Real-Time PCR Detection System

tion using the default platform file (GPL198).

(Bio-Rad, model CFX96, USA). To test primer

Genes with more than one probe were combined

specificity, melting curve analysis (from 65 °C to

using the row with the highest mean intensity

95 °C with an increasing heat rate of 0.5 °C s-1)

value applying the collapseRows and intersect

was performed following amplification and a no-

functions implemented in the WGCNA package

template control was also included. All experimen-

(Langfelder and Horvath 2008). This resulted in

tal samples and the relative abundance values were

60 samples (36 control and 24 salt stressed) and

calculated relative to the level of gene expression

21 434 genes. Because the present work focused

of the Time 0 (T0) sample as an internal control

on four genes, we were particularly interested in

before induction, as well as to the housekeeping

the co-expression pattern of those genes. To ac-

genes ACT-2 and UBC. Relative quantification of

complish this, we evaluated the Pearson’s cor-

gene expression was carried out and the geomet-

relation coefficient between these four genes

ric averaging of multiple internal control genes

and the entire gene space of the microarray in

(Vandesompele et al., 2002) was used to normalize

both conditions. We fixed the correlation cut-

the raw data.

off to 0.9 to reduce the network size to the most
relevant co-expressions. The network was visu-

2.4. Genes and co-expression analysis of salt stress
microarray

alized using Cytoscape 3.4.0. The gene ontologies and metabolic pathways (KEGG database)
enrichment analysis were performed using the

In order to analyze the co-expression network

DAVID Bioinformatics resource. The biological

of the four oxidative stress response gene mark-

processes and metabolic pathways presented in

ers evaluated by qRT-PCR (CAT3 At1g20620,

the networks correspond to those with a p-value

APX1 At1g07890, Prx Q At3g26060 and GR2

< 0.05 in the enrichment analysis. The frequency

At3g54660), the experimental microarray At-

of each significant biological process was calcu-

GenExpress data previously reported for A.

lated using REVIGO (Supek et al., 2011). The

thaliana wild type (Col-0) under salt stress

frequency of a biological process category is a

(Kilian et al., 2007) was studied using bioin-

measure of how recurrent this biological process

formatic models. Experimental microarray data

is in the gene space; therefore, higher values cor-

on shoot samples grown under normal (control

respond to less specific terms.
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Chl b content was also determined by High-performance liquid chromatography (HPLC) analysis. To
extract the pigment, 1 mL of HPLC grade meth-

The evaluation of enzymatic activities was per-

anol was added to 20 mg of ground sample, and

formed comparing equal amounts of total pro-

left at 4 °C for 16 h. After this time, the mixture

tein extracts from the samples collected at 24

was centrifuged at 20 000 x g for 5 min at 4 °C

and 72 hours as well as the control sample (T 0).

and the supernatant was used for direct injection

CAT activity was measured by monitoring the

in HPLC. Chl b identification analyses were car-

decomposition of an H 2O 2 (hydrogen peroxide)

ried out using an Agilent Infinity 1 200 series high

solution at 240 nm as a consequence of the cata-

performance liquid chromatograph (Agilent Tech-

lytic activity of the enzyme (Aebi 1984). Level

nologies, 1260 Infinity, Waldbronn, Germany)

of total glutathione (reduced glutathione (GSH)

with an Agilent 1 260 Quaternary Pump, 1 260

and glutathione disulfide (GSSG)) was deter-

Infinity Standard Autosampler, and a diode array

mined using a Glutathione Assay kit (Sigma-

and multiple wavelength detector coupled to an HP

Aldrich, USA) and peroxidase (POD) activity

ChemStation data-processing station. The column

using an Amplex Red Hydrogen Peroxide/Per-

used was an Eclipse XDB-C18 (Agilent, 4.6 x150

oxidase Assay Kit (Invitrogen by Life technolo-

mm; 5 μm). The mobile phase consisted of an H2O-

gies, USA), both following the manufacturer´s

methanol mix (1:1, v:v) (eluent A) and methanol

instructions. Total carbonyl content of soluble

100% (eluent B). The gradient program used was

components of the plant extracts was deter-

as follows: 10% A and 90% B over 25 min, 0% A

mined using dinitrophenyl hydrazine (DNPH)

and 100% B over 5 min, 10% A and 90% B over

(Levine et al., 1990).

1 min and isocratic for 5 min. The injection vol-

®

ume for all samples was 10 µL and the flow rate
2.6. Quantification of photosynthetic pigment content

was 0.5 mL min-1. Identification of Chl b was carried out by comparing retention time and spectral

After collection, plant leaves were submerged in

characteristics of unknown analytes with Chl b

boiling water for 10 seconds to avoid the artifi-

standard (Sigma Aldrich) using the HP ChemSta-

cial conversion of Chl to chlorophyllide and im-

tion software (HP Hewlett-Packard ChemStation,

mediately frozen in liquid nitrogen (N2). The tis-

Rev. C.01.04). Spectroscopic data from all peaks

sue was later ground in liquid N2 and 0.5 mL of

were accumulated in the range 410-445 nm. Chl b

80 % acetone was added and left overnight at 4

(0.0049- 0.0786 mM) was used for the calibration

°C in the darkness. Tubes were centrifuged at 20

curve and results were expressed as mM of Chl b

000 x g for 5 minutes at 4 °C, supernatant was

equivalents per dry mass (mg Chl b per dry mass).

collected and the absorbance at 663 nm and 645
nm was measured (BMG LABTECH GmbH,

2.7. Estimation of total phenolic content

model FLUOstar Omega, Germany). Total Chl
contents and Chl a/b ratio were calculated as de-

The Folin–Ciocalteu method was used to deter-

scribed elsewhere(Porra 2002).

mine the total phenolic content (TPC) as reported
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by Singleton (Singleton et al., 1999){Singleton,

sion of oxidative stress markers was measured in

1999 #66}. Briefly, 100 µL of samples, diluted

leaves after exposure to salt shock, XGOs or a

1:10 were mixed with 0.5 mL of 0.2 N Folin– Cio-

combination of both for 24 and 72 h (Figure 1).

calteu reagent for 5 min and 0.4 mL of 0.7 M so-

Expression of two genes was significantly altered

dium carbonate (Na2CO3). After incubation in the

by the treatments: CAT2,3 and Prx Q. CAT2,3

dark at 25 ºC for 2 h, the absorbance of the reaction

was up-regulated by 2.45-fold with respect to the

mixture was measured at 760 nm using a FLUO-

untreated control at 24 h by XGOs alone. How-

star Omega Microplate Reader (BMG LABTECH

ever, the most dramatic positive effect was with

GmbH, Germany). Gallic acid was used as the

the combination of XGOs and salt shock where

standard to produce a calibration curve (0.5 – 1.5

an increase of 4.8-fold was elicited compared to

mM). The TPC was expressed in mg of gallic acid

the MS control at 24 h after induction. There was

equivalents (mg GAE per mg of dry weight).

also an apparent increase in CAT2,3 gene expression in the salt+XGO treatment, compared to salt

2.8. Statistical analysis

alone, although differences were not statistically
significant. After 72 h, the effects on CAT2,3 gene

For all variables analyzed, each experiment was

expression were different: neither salt alone or in

performed in triplicate. The data were expressed

combination with XGOs affected expression, but

as means and evaluated by analysis of variance

XGOs alone increased expression 2.85-fold com-

(ANOVA) using SPSS Statistics (Version 24.0),

pared to the MS control (Figure 1A). Prx Q was

and compared using Duncan’s range test at p =

up-regulated by 1.54-fold with respect to the un-

0.05. All the results are shown as an average ±

treated control at 24 h by XGOs alone, but after 72

standard deviation (SD) of the three independent

h the expression level decreased to even below the

replicates.

control (Figure 1B). Prx Q expression was significantly lower under salt stress compared to the MS

3. Results

control at both time points. However, no differences were observed with salt + XGO treatment at

3.1. Gene expression

either 24 or 72 h after induction, compared to salt

To examine the effect of XGOs on A. thaliana

did not show statistically significant differences

plants grown under saline conditions, gene expres-

amongst the treatments (Figure 1 C-D).

stress alone. Gene expression of APX1 and GR2
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Figure 1. Expression levels by qRT-PCR, and protein level analysis of oxidative stress markers in Arabidopsis
thaliana leaves ± 100 mM (10 dSm-1) NaCl, ± 0.1 mg L-1 XGO, or a combination of both, at 24 and 72 hours
after induction. Quantitative RT-PCR of genes (A) CAT2,3 (At1g20620), (B) APX1 (At1g07890), (C) GR2
(At3g54660) and (D) Prx Q (At3g26060). Mean ± SD values were obtained from three independent experiments
and normalized to the levels of two internal controls, Actin-2 (ACT-2, At3g18780) and Ubiquitin-Conjugating
enzyme gene (UBC, At5g25760). Experiments were repeated three times with similar results. All the analyses
were relative to the Time 0 (T0) sample as a control before induction and different letters indicate statistically
different means p < 0.05. RNE means Relative Normalized Expression.
CAT and POD (representing peroxidases) antioxidant

treatment also elevated CAT activity significantly

enzyme activities were analyzed by spectrophotom-

compared to salinity alone at both time points, but ac-

etry (Figure 2). CAT showed a significant reduction

tivity was not significantly higher than XGOs alone

in its activity following salt shock, compared to the

at either time point (Figure 2A). XGOs also induced

MS control. However, addition of XGOs promoted a

a significant increase in POD activity compared to the

significantly higher CAT activity with respect to the

untreated control, at 24 and 72 h after induction. How-

untreated control 24 h after induction. After 72 h the

ever, no statistical differences were observed when

increase appeared to be sustained, but was no longer

XGOs were applied together with the salt compared

statistically significant. XGOs combined with saline

to the NaCl alone control (Figure 2B).
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Figure 2. Enzymatic activity analysis in Arabidopsis thaliana leaves ± 0.1 mg L-1 XGO, ± 100 mM (10 dSm-1)
NaCl or a combination of both. Total proteins from leaves at 24 and 72 hours after induction were obtained and
analyzed by spectrophotometric analyses. (A) CAT activity, (B) POD activity. Mean ± SD values were obtained
from three independent experiments. All the analyses were relative to a Time 0 (T0) sample as a control before
induction and different letters indicate statistically different means p < 0.05.

3.2. Photosynthetic pigments content and chloroplast
degradation

rate the drop in Chl a/b ratio and Chl b content elicited
by the salt treatment 72 h after induction. In contrast
expression of CV was not up-regulated by either salt

Exposure to saline conditions significantly decreased

or XGOs treatment at 24 h, in fact there was a slight

the Chl a/b ratio (Figure 3A) and Chl b content (Fig-

but not statistically significant reduction in CV ex-

ure 3B) in the leaves of A. thaliana after 72 h. How-

pression with XGO treatment. However, after 72 h

ever, XGOs alone promoted a significant increase

of salt treatment CV expression was up-regulated by

of Chl a/b ratio but not Chl b content after 72 h in

2.61-fold with respect to the untreated control. Its ex-

comparison with the untreated control. Furthermore,

pression was not affected by the treatments with XGO

XGOs in combination with salt were able to amelio-

alone or salt+XGO although there was a slight, but
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not statistically significant rise in expression follow-

cantly less expression of CV in the XGO+NaCl treat-

ing salt treatment (Figure 3C). There was also signifi-

ment compared to the NaCl treatment alone after 72 h.

Figure 3. Chlorophyll content and chloroplast vesiculation gene (CV) analysis in Arabidopsis thaliana leaves ±
0.1 mg L-1 XGO, ± 100 mM (10 dSm-1) NaCl or a combination of both. Mean ± SD values were obtained from three
independent experiments; different letters indicate statistically different means p < 0.05. All the analyses were
relative to a Time 0 (T0) sample as a control before induction. (A) Chl a/b ratio determined by spectrophotometric
analysis, (B) Chl b content determined by HPLC analysis expressed in mg Chl b per dry mass, (C) qRT-PCR
analysis of CV gene (At2g25625) expression. RNE means Relative Normalized Expression.

3.3. Bioinformatic analysis

from global transcriptomic studies in Arabidopsis
(Kilian et al., 2007), although it was only avail-

There are no data available from studies of gene

able for shoots and not mature leaves. The co-

expression or microarray analysis in leaf samples

expression network obtained showed that under

treated with XGOs under saline conditions in A.

normal growing conditions (control plants) there

thaliana. However, we analyzed available infor-

was no direct correlation amongst the expression

mation from saline stress data previously obtained

patterns of the four genes analyzed here (CAT,
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APX, Prx Q and GR), and each one formed an in-

nudix hydrolase 7 (NUDT7) which encodes a pro-

dependent group at the predefined cutoff (Figure

tein with ADP-ribose hydrolase activity and regu-

6). However, under saline stress conditions a set

lates defense mechanisms against oxidative DNA

of genes act as mediators between CAT and Prx

damage. In addition, there are genes involved in

Q genes. In both networks (control or salt shock)

chloroplast function that allow the plant to mod-

the APX gene remains unconnected and the co-

ify its photosynthetic capacity and to adapt to

expression around the GR gene persists as an in-

environmental changes and stresses, comprising

dependent cluster (Figure 7). The greatest modifi-

two thioredoxin genes (ATHM2 and TH7) and two

cation in the co-expression pattern was around the

ferredoxin genes (At2g04700 and FNR2).

Prx Q gene, as it showed the major connectivity

Under saline stress conditions, in the biological pro-

increment compared to normal conditions. Among

cesses network, a set of processes act as mediators be-

the 28 genes acting as mediators between CAT3

tween CAT3, GR2 and Prx Q gene expression (Figure

and Prx Q genes, At3g52070, At3g19900 and

4A). Nevertheless, genes related to oxidation-reduc-

At5g01790 have no function assigned to them.

tion processes which connect GR2 with CAT3 and Prx

Three are genes related to abiotic or biotic stress

Q appear to be for very global and general biological

responses as ultraviolet-B receptors with UV-pro-

processes according to the frequency values. When

tective functions; the CAMBP25 gene encodes a

the relationships between these genes and their sig-

25 kDa calmodulin (CAM)-binding protein and is

nificantly enriched metabolic pathways was investi-

induced by dehydration and ionic (salt) and non-

gated, the co-expression network around the GR gene

ionic (mannitol) osmotic stress, and MLP43, is a

remained as an independent cluster (Figure 4B). In

gene which encodes MLP-like protein 43 that is

agreement with this, in our experimental results we

induced under drought stress. Also of relevance is

did not find any differences in GR2 gene expression

a gene involved in oxidation-reduction processes,

in response to salt shock (Figure 1D).
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Figure 4. Co-expression network between catalase 3 (CAT3), L-ascorbate peroxidase 1 (APX), peroxiredoxin Q
(Prx Q) and glutathione reductase 2 (GR) genes under saline stress and their significantly (p < 0.05) enriched: (A)
biological processes and (B) metabolic pathways. Hexagons are genes, rectangles are biological processes and
the color scale shows the frequency distribution of each biological process.

3.4. Oxidative damage, protein oxidation and total

conditions, with or without XGOs, did not show sig-

polyphenol content

nificant changes in total glutathione (GSH and GSSG)
level amongst any of the treatments evaluated (Fig-

The effect of XGOs on glutathione content as a marker

ure 5A). This agrees with the gene expression results,

for protection against oxidative stress was also deter-

where no significant variation of GR2 gene expression

mined. Here, the A. thaliana plants grown under saline

was observed in any of the treatments (Figure 1C, E).
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Figure 5. Analysis of markers of antioxidant metabolites in Arabidopsis thaliana leaves ± 0.1 mg L-1 XGO, ±
100 mM (10 dSm-1) NaCl or a combination of both. Mean ± SD values were obtained from three independent
experiments; different letters indicate statistically different means p < 0.05. All the analyses were relative to a
Time 0 (T0) sample as a control before induction. (A) Level of total glutathione (reduced glutathione (GSH) and
glutathione disulfide (GSSG)) expressed as µM GSH per µg of protein, (B) Total carbonyl content expressed
as nm of carbonyl content per mg of protein, (C) Total phenolic content (TPC) expressed in mg of gallic acid
equivalents (mg GAE per mg of dry weight).

In order to analyze the effect of XGOs on oxidative

presence of salt, protein carbonyl levels appeared

damage, protein carbonyl content was evaluated as

lower, but were not statistically different from the

a marker for protein oxidation. At 24 h after induc-

control treatment (Figure 5B), however the combi-

tion, no statistically significant differences were ob-

nation of XGO + NaCl resulted in reduced carbonyl

served with any of the treatments, but after 72 h the

content compared to salt alone. The salinity treat-

salt treatment alone induced a significant accumula-

ment for 72 h also significantly increased total phe-

tion of protein carbonyls relative to the untreated

nolics (Figure 5C). However, the addition of XGOs

control. In contrast, addition of XGOs promoted a

significantly reduced these levels, even in the pres-

significant reduction of these compounds. In the

ence of NaCl.
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Figure 6. Co-expression network of catalase 3 (CAT3), L-ascorbate peroxidase 1 (APX1), peroxiredoxin Q (Prx
Q) and glutathione reductase 2 (GR2) gene using the experimental microarray for Arabidopsis thaliana Wild Type
(col-0) under normal conditions.

Figure 7. Co-expression network of catalase 3 (CAT3), L-ascorbate peroxidase (APX1), peroxiredoxin Q (Prx
Q) and glutathione reductase (GR2) gene using the experimental microarray for Arabidopsis thaliana Wild Type
(col-0) under salt stress.
4. Discussion

have different functions in the cell. Furthermore, the
relative importance of each enzyme required for ROS

Detoxification of ROS is an important component of a

scavenging varies from plant to plant, according to the

plant’s protection against salt stress, but efficient anti-

rates of ROS generation and the major source of ROS

oxidative defense does not necessarily mean the strong

(Gill and Tuteja 2010). Here the results indicated that

up-regulation of the full set of antioxidant enzymes.

the role of XGOs in relation to ROS scavenging was

Thus, antioxidant enzymes (CAT, POD, APX and GR)

limited to stimulating an increase in CAT gene expres-

can have a contrasting pattern of expression since they

sion and CAT and POD enzyme activity.
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The chlorophyll content reduction is another con-

effects of salt stress on chlorophyll levels, which is

sequence of salt stress in plants (Taïbi et al., 2016;

reinforced by the Prx Q gene up-regulation observed.

Hamdani et al., 2017). Degradation of energy-absorb-

The reduction in Chl degradation may be also a con-

ing pigments can be a defense mechanism against

sequence of the activation of antioxidant mechanisms,

ROS, because ROS production is driven mainly by

including increased CAT and POD enzyme activity.

excess energy absorption by the photosynthetic appa-

The increase in both enzyme activities of plants treat-

ratus. Chl b degradation in plants promotes nutrient

ed with XGOs combined with salt stress is in agree-

remobilization, participates in the suppression of

ment with previous results on wheat seedlings (Triti-

photodamage and regulates the plant light-harvesting

cum aestivum L.) with low-molecular-weight poly-

capacity (Christ and Hörtensteiner 2014). Thus, Chl

saccharides (Zou et al., 2018). In addition, it has been

content is widely used as an index of abiotic tolerance

reported that CAT is one of the most effective antioxi-

in plants. Consequently, it would seem that XGOs

dant enzymes in preventing cell damage (Mhamdi et

may help to reduce Chl breakdown under salt stress

al., 2010). Our data showed that in saline conditions,

and this may contribute to a protective effect of the

catalase gene expression and enzymatic activity was

XGOs to increase tolerance to saline stress conditions.

dramatically increased by XGOs. This suggests that

XGOs may do this by a reduction in chloroplast deg-

XGO may be contributing to plant protection against

radation via the mechanism that includes the action of

salt-induced oxidative damage through an elevated

the CV gene. In agreement with this idea, Wang and

antioxidant capacity.

Blumwald (2014) proved that CV silencing in Arabi-

We also examined the four oxidative stress response

dopsis resulted in chloroplast stability during stress

gene markers in the context of gene co-expression

and enhanced stress tolerance. The down-regulation

networks from microarray data of Arabidopsis under

of CV expression was also observed in rice (Oryza sa-

salt stress. Our findings suggest that the strongest re-

tiva) plants under water stress, leading to water-deficit

lationship is between Prx Q and CAT3 with process-

stress tolerance (Sade et al., 2018). However, it is not

es like photosynthesis under salt shock compared to

possible to conclude whether down-regulation of CV

normal conditions, which is in agreement with our

expression is a direct effect of the XGOs. Prx Q pro-

experimental results. Besides, GR2 expression under

tein level is also particularly important due its location

salt stress is highly connected with lipid metabolism

in the lumen of the thylakoid membrane of A. thaliana

and only connected with Prx Q or CAT3 through

and its function in oxidant detoxification and redox

oxidation-reduction processes, which are very gen-

regulated signaling in chloroplasts (Petersson et al.,

eral processes. Under stress, GR2 expression could

2006), so it can impact directly on photosynthesis. In

be regulated by lipid metabolism, however, we did

A. thaliana there was a reduction in chlorophyll when

not evaluate any markers related with lipid profiles.

the Prx Q gene was knocked out, which suggested its

Moreover, the carbon metabolism category, which

role in protection of photosynthetic enzymes (Lam-

is connecting CAT3 and Prx Q genes, includes the

kemeyer et al., 2006). This suggests that the up-reg-

Calvin cycle. More experiments are needed in order

ulation of the Prx Q gene expression observed at 24

to confirm whether the identified intermediary genes

h after XGO application might indicate a mechanism

are altered by XGO treatment under salt shock. This

that protects chloroplasts from degradation. Our find-

analysis of the connectivity amongst the ROS-relat-

ings thus indicate that XGOs are able to mitigate the

ed genes under salt stress, provides useful pointers
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for further analyses of gene expression and meta-

ROS-related enzymes, such as catalase, as the prima-

bolic processes, to test whether they are affected by

ry mechanism of their action. XGO treatment results

the combination of XGOs and salt stress. This might

in improved photosynthetic efficiency and increased

then help to unravel the mechanism of action of the

non-enzymatic ROS-scavenging metabolites, while

XGOs in reducing effects of salt stress on the photo-

reducing protein oxidation and total polyphenols.

synthetic apparatus.

As far as we know, this is the first report that analy-

Another consequence of high intracellular ROS level

ses the effect of XGOs on salt stress. Further in vivo

is the oxidation of vital biomolecules, such as pro-

studies are needed to confirm the antioxidant effect

teins and DNA, and cells undergo oxidative damage.

of XGOs during salt stress both in model and crop

The effect of XGOs on reduction of protein damage

plants as well as to unravel their mechanism of action

could help the plant to prevent or tolerate oxidative

on oxidative responses. However, in the light of these

stress. Salinity stress also stimulates the synthesis

results, the application of low concentrations of XGO

and accumulation of polyphenols, which is probably

could be considered as a biostimulant for improving

related with an increase in secondary metabolites,

the growth and productivity of crops of agronomic

that protect the plant against ROS (Valifard et al.,

importance under salt stress.

2014). In this study, the phenolic content with the
addition of XGOs alone or combined with salt shock
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extracellular events in the wall but also intracellular
events (Takeda et al., 2002). When pea stem segments
partially bisected longitudinally were incubated with
a xyloglucan oligosaccharide (9 mM XXXG), cell
elongation was accelerated by integration of xyloglucans as they were incorporated into the cell wall and
became transglycosylated by xyloglucan endotransglycosylase (XET). According to this, the effect of
XGOs observed in our work may result not from a
direct action of the oligosaccharide but instead from
a signal transduction cascade mediated by XET or induced by the cell wall modification.
5. Conclusions
Overall, we conclude that exogenous application of
XGO can exert beneficial impacts on the response of
Arabidopsis thaliana seedlings to salt stress. This may
be mediated by increased expression and activity of
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