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CAT and POD (representing peroxidases) antioxidant 
enzyme activities were analyzed by spectrophotom-
etry (Figure 2). CAT showed a significant reduction 
in its activity following salt shock, compared to the 
MS control. However, addition of XGOs promoted a 
significantly higher CAT activity with respect to the 
untreated control 24 h after induction. After 72 h the 
increase appeared to be sustained, but was no longer 
statistically significant. XGOs combined with saline 

treatment also elevated CAT activity significantly 
compared to salinity alone at both time points, but ac-
tivity was not significantly higher than XGOs alone 
at either time point (Figure 2A). XGOs also induced 
a significant increase in POD activity compared to the 
untreated control, at 24 and 72 h after induction. How-
ever, no statistical differences were observed when 
XGOs were applied together with the salt compared 
to the NaCl alone control (Figure 2B). 

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.
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3.2. Photosynthetic pigments content and chloroplast 
degradation

Exposure to saline conditions significantly decreased 
the Chl a/b ratio (Figure 3A) and Chl b content (Fig-
ure 3B) in the leaves of A. thaliana after 72 h. How-
ever, XGOs alone promoted a significant increase 
of Chl a/b ratio but not Chl b content after 72 h in 
comparison with the untreated control. Furthermore, 
XGOs in combination with salt were able to amelio-

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 
or XGOs treatment at 24 h, in fact there was a slight 
but not statistically significant reduction in CV ex-
pression with XGO treatment. However, after 72 h 
of salt treatment CV expression was up-regulated by 
2.61-fold with respect to the untreated control. Its ex-
pression was not affected by the treatments with XGO 
alone or salt+XGO although there was a slight, but 

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.
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not statistically significant rise in expression follow-
ing salt treatment (Figure 3C). There was also signifi-

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

There are no data available from studies of gene 
expression or microarray analysis in leaf samples 
treated with XGOs under saline conditions in A. 
thaliana. However, we analyzed available infor-
mation from saline stress data previously obtained 

from global transcriptomic studies in Arabidopsis 
(Kilian et al., 2007), although it was only avail-
able for shoots and not mature leaves. The co-
expression network obtained showed that under 
normal growing conditions (control plants) there 
was no direct correlation amongst the expression 
patterns of the four genes analyzed here (CAT, 
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APX, Prx Q and GR), and each one formed an in-
dependent group at the predefined cutoff (Figure 
6). However, under saline stress conditions a set 
of genes act as mediators between CAT and Prx 
Q genes. In both networks (control or salt shock) 
the APX gene remains unconnected and the co-
expression around the GR gene persists as an in-
dependent cluster (Figure 7). The greatest modifi-
cation in the co-expression pattern was around the 
Prx Q gene, as it showed the major connectivity 
increment compared to normal conditions. Among 
the 28 genes acting as mediators between CAT3 
and Prx Q genes, At3g52070, At3g19900 and 
At5g01790 have no function assigned to them. 
Three are genes related to abiotic or biotic stress 
responses as ultraviolet-B receptors with UV-pro-
tective functions; the CAMBP25 gene encodes a 
25 kDa calmodulin (CAM)-binding protein and is 
induced by dehydration and ionic (salt) and non-
ionic (mannitol) osmotic stress, and MLP43, is a 
gene which encodes MLP-like protein 43 that is 
induced under drought stress. Also of relevance is 
a gene involved in oxidation-reduction processes, 

nudix hydrolase 7 (NUDT7) which encodes a pro-
tein with ADP-ribose hydrolase activity and regu-
lates defense mechanisms against oxidative DNA 
damage. In addition, there are genes involved in 
chloroplast function that allow the plant to mod-
ify its photosynthetic capacity and to adapt to 
environmental changes and stresses, comprising 
two thioredoxin genes (ATHM2 and TH7) and two 
ferredoxin genes (At2g04700 and FNR2).
Under saline stress conditions, in the biological pro-
cesses network, a set of processes act as mediators be-
tween CAT3, GR2 and Prx Q gene expression (Figure 
4A). Nevertheless, genes related to oxidation-reduc-
tion processes which connect GR2 with CAT3 and Prx 
Q appear to be for very global and general biological 
processes according to the frequency values. When 
the relationships between these genes and their sig-
nificantly enriched metabolic pathways was investi-
gated, the co-expression network around the GR gene 
remained as an independent cluster (Figure 4B). In 
agreement with this, in our experimental results we 
did not find any differences in GR2 gene expression 
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 
polyphenol content

The effect of XGOs on glutathione content as a marker 
for protection against oxidative stress was also deter-
mined. Here, the A. thaliana plants grown under saline

conditions, with or without XGOs, did not show sig-
nificant changes in total glutathione (GSH and GSSG) 
level amongst any of the treatments evaluated (Fig-
ure 5A). This agrees with the gene expression results, 
where no significant variation of GR2 gene expression 
was observed in any of the treatments (Figure 1C, E).
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presence of salt, protein carbonyl levels appeared 
lower, but were not statistically different from the 
control treatment (Figure 5B), however the combi-
nation of XGO + NaCl resulted in reduced carbonyl 
content compared to salt alone. The salinity treat-
ment for 72 h also significantly increased total phe-
nolics (Figure 5C). However, the addition of XGOs 
significantly reduced these levels, even in the pres-
ence of NaCl. 

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 
damage, protein carbonyl content was evaluated as 
a marker for protein oxidation. At 24 h after induc-
tion, no statistically significant differences were ob-
served with any of the treatments, but after 72 h the 
salt treatment alone induced a significant accumula-
tion of protein carbonyls relative to the untreated 
control. In contrast, addition of XGOs promoted a 
significant  reduction of  these  compounds.  In  the 
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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

Detoxification of ROS is an important component of a 
plant’s protection against salt stress, but efficient anti-
oxidative defense does not necessarily mean the strong 
up-regulation of the full set of antioxidant enzymes. 
Thus, antioxidant enzymes (CAT, POD, APX and GR) 
can have a contrasting pattern of expression since they 

have different functions in the cell. Furthermore, the 
relative importance of each enzyme required for ROS 
scavenging varies from plant to plant, according to the 
rates of ROS generation and the major source of ROS 
(Gill and Tuteja 2010).  Here the results indicated that 
the role of XGOs in relation to ROS scavenging was 
limited to stimulating an increase in CAT gene expres-
sion and CAT and POD enzyme activity.  
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The chlorophyll content reduction is another con-
sequence of salt stress in plants (Taïbi et al., 2016; 
Hamdani et al., 2017). Degradation of energy-absorb-
ing pigments can be a defense mechanism against 
ROS, because ROS production is driven mainly by 
excess energy absorption by the photosynthetic appa-
ratus. Chl b degradation in plants promotes nutrient 
remobilization, participates in the suppression of 
photodamage and regulates the plant light-harvesting 
capacity (Christ and Hörtensteiner 2014). Thus, Chl 
content is widely used as an index of abiotic tolerance 
in plants. Consequently, it would seem that XGOs 
may help to reduce Chl breakdown under salt stress 
and this may contribute to a protective effect of the 
XGOs to increase tolerance to saline stress conditions. 
XGOs may do this by a reduction in chloroplast deg-
radation via the mechanism that includes the action of 
the CV gene. In agreement with this idea, Wang and 
Blumwald (2014) proved that CV silencing in Arabi-
dopsis resulted in chloroplast stability during stress 
and enhanced stress tolerance. The down-regulation 
of CV expression was also observed in rice (Oryza sa-
tiva) plants under water stress, leading to water-deficit 
stress tolerance (Sade et al., 2018). However, it is not 
possible to conclude whether down-regulation of CV 
expression is a direct effect of the XGOs. Prx Q pro-
tein level is also particularly important due its location 
in the lumen of the thylakoid membrane of A. thaliana 
and its function in oxidant detoxification and redox 
regulated signaling in chloroplasts (Petersson et al., 
2006), so it can impact directly on photosynthesis. In 
A. thaliana there was a reduction in chlorophyll when 
the Prx Q gene was knocked out, which suggested its 
role in protection of photosynthetic enzymes (Lam-
kemeyer et al., 2006). This suggests that the up-reg-
ulation of the Prx Q gene expression observed at 24 
h after XGO application might indicate a mechanism 
that protects chloroplasts from degradation. Our find-
ings thus indicate that XGOs are able to mitigate the 

effects of salt stress on chlorophyll levels, which is 
reinforced by the Prx Q gene up-regulation observed. 
The reduction in Chl degradation may be also a con-
sequence of the activation of antioxidant mechanisms, 
including increased CAT and POD enzyme activity. 
The increase in both enzyme activities of plants treat-
ed with XGOs combined with salt stress is in agree-
ment with previous results on wheat seedlings (Triti-
cum aestivum L.) with low-molecular-weight poly-
saccharides (Zou et al., 2018). In addition, it has been 
reported that CAT is one of the most effective antioxi-
dant enzymes in preventing cell damage (Mhamdi et 
al., 2010). Our data showed that in saline conditions, 
catalase gene expression and enzymatic activity was 
dramatically increased by XGOs. This suggests that 
XGO may be contributing to plant protection against 
salt-induced oxidative damage through an elevated 
antioxidant capacity.
We also examined the four oxidative stress response 
gene markers in the context of gene co-expression 
networks from microarray data of Arabidopsis under 
salt stress. Our findings suggest that the strongest re-
lationship is between Prx Q and CAT3 with process-
es like photosynthesis under salt shock compared to 
normal conditions, which is in agreement with our 
experimental results. Besides, GR2 expression under 
salt stress is highly connected with lipid metabolism 
and only connected with Prx Q or CAT3 through 
oxidation-reduction processes, which are very gen-
eral processes. Under stress, GR2 expression could 
be regulated by lipid metabolism, however, we did 
not evaluate any markers related with lipid profiles. 
Moreover, the carbon metabolism category, which 
is connecting CAT3 and Prx Q genes, includes the 
Calvin cycle. More experiments are needed in order 
to confirm whether the identified intermediary genes 
are altered by XGO treatment under salt shock. This 
analysis of the connectivity amongst the ROS-relat-
ed genes under salt stress, provides useful pointers 
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for further analyses of gene expression and meta-
bolic processes, to test whether they are affected by 
the combination of XGOs and salt stress. This might 
then help to unravel the mechanism of action of the 
XGOs in reducing effects of salt stress on the photo-
synthetic apparatus. 
Another consequence of high intracellular ROS level 
is the oxidation of vital biomolecules, such as pro-
teins and DNA, and cells undergo oxidative damage. 
The effect of XGOs on reduction of protein damage 
could help the plant to prevent or tolerate oxidative 
stress. Salinity stress also stimulates the synthesis 
and accumulation of polyphenols, which is probably 
related with an increase in secondary metabolites, 
that protect the plant against ROS (Valifard et al., 
2014). In this study, the phenolic content with the 
addition of XGOs alone or combined with salt shock 
was significantly reduced. 
XGOs may be acting through modifications or inte-
gration into the cell wall, which can affect not only the 
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 xyloglu-
cans as they were incorporated into the cell wall and 
became transglycosylated by xyloglucan endotrans-
glycosylase (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 in-
duced 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 

ROS-related enzymes, such as catalase, as the prima-
ry mechanism of their action. XGO treatment results 
in improved photosynthetic efficiency and increased 
non-enzymatic ROS-scavenging metabolites, while 
reducing protein oxidation and total polyphenols. 
As far as we know, this is the first report that analy-
ses the effect of XGOs on salt stress. Further in vivo 
studies are needed to confirm the antioxidant effect 
of XGOs during salt stress both in model and crop 
plants as well as to unravel their mechanism of action 
on oxidative responses. However, in the light of these 
results, the application of low concentrations of XGO 
could be considered as a biostimulant for improving 
the growth and productivity of crops of agronomic 
importance under salt stress.
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