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Salinity stress represents a key factor for global agriculture. Plants can respond to salinity stress by adapting their
physiology in different ways with the aim of limiting reductions in growth and development. Importantly,
moisture retention capacity, permeability and nutrient availability of substrates represent critical variables for
plants as they may further influence the effect of osmotic stress. Here, a multidisciplinary approach was applied
to evaluate the role of two different substrates, peat and perlite, on 2-year-old potted cuttings of Olea europaea
(cultivar Arbequina) under different salinity stress conditions (0, 100 and 200 mM NaCl). Biometric and phys-
iological data indicate that plants potted in perlite (AP) generally present lower growth and photosynthetic rates
when compared with peat (AS) in combination with salinity stress. Ion measurements indicate a rise in Na*
accumulation with increasing stress severity, which alters the ion ratio in both substrates. In addition, differences
occurred in polyphenol contents, with a general increase in quinic acid and rutin contents in AS and AP samples,
respectively. Metabolomic and biometric data were also coupled with metabarcoding analysis, which indicates
that the moderate salinity treatment (100 mM NaCl, T100) reshaped the endophytic community of plants grown
on both substrates. Taken together, the data suggest that the strategy used by a glycophytic species such as the
olive tree to cope with salinity stress seems to be highly related to availability of water and nutrients. The lack of
both may be simulated by perlite, enhancing the effect of salinity stress response in woody plants. Lastly,
applying the beneficial endophytic bacterial taxa identified here could represent a step forward in increasing
plant defence and nutrient uptake and reducing inputs for modern and more sustainable agriculture.

Introduction

Salinity stress is emerging as a pervasive challenge in modern agri-
culture, imperiling productivity and sustainability of food production
around the world. Approximately 1.125 billion hectares of agricultural
land and >52 % (4.03 billion) of the population are affected by salinity
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(Raza et al., 2023). In the Mediterranean area, soil salinity represents a
problem for crop production in the Caspian Basin, Ukraine, the Carpa-
thian Basin, the Iberian Peninsula (Toth et al., 2008), and southern
Europe (Daliakopoulos et al., 2016; Vittori Antisari et al., 2020). Saline
irrigation is a practice employed with greater frequency in olive
tree-growing regions throughout various countries of the
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Mediterranean, where water shortage is one of the major barriers to
sustainable agriculture. Countries like Israel, Spain and Tunisia have
also reported using saline irrigation, especially in arid and semi-arid
areas with few freshwater resources. For example, in Israel, saline
water is applied in new olive orchards in the arid part of Negev, allowing
for the growing of olive trees on poor soils not meant for agriculture and
demonstrating the moderate salinity tolerance of the olive tree
(Kapulnik et al., 2010; Levin et al., 2007). Likewise, in Spain, olive
production is favoured in the coastal zones where saline waters are
normally employed, mainly due to the low water needs of the trees and
their long drought tolerance (Loreto et al., 2003). In Tunisia, where
water resources are extremely limited, olive trees are often irrigated
with brackish water, especially in coastal and arid regions (Boussadia
et al., 2023). Research suggests that saline water may enhance growth
and yield within a defined salinity range, with horticultural studies
showing that irrigating with water with a conductivity of 4.2 dS m™' may
improve the horticultural attributes of the olive cultivar ‘Barnea’
(Weissbein et al., 2008). The scarcity of water for irrigation is becoming
even more acute due to climate change and leading to an increase in the
saline lands with a lack of water for irrigation. Therefore, the amount of
soil used for olive orchards characterized by low-quality water for irri-
gation is increasing (Hassan et al., 2020), which is also a consequence of
the current climate change (Brito et al., 2019).

Plants can develop strategies to counteract the effect of salinity stress
that can be characterized into two main groups: salt-sensitive glyco-
phytes (Himabindu et al., 2016) and salt-tolerant halophytes (Munns
and Tester, 2008). Halophytes differ from glycophytes partly in their
adaptation through complex mechanisms to avoid salt damage (Tester
and Davenport, 2003), including the development of strategies to inte-
grate salinity perception and stress signalling with endogenous devel-
opmental cues (Vita et al., 2021). These adaptations can be summarized
as strategies by which plants counteract salinity stress: tolerance to os-
motic stress, which results in increased leaf area; Na™ exclusion from
roots and leaf blades; and tissue tolerance to accumulated Na™* or, in
some species, CI~ (Munns and Tester, 2008) and confers the ability to
complete their life cycle under saline conditions (Bazihizina et al.,
2022), like consistent amounts of salt (>100 mM NacCl) in the rhizo-
sphere (Flowers and Colmer, 2008, 2015). Based on this set of physio-
logical mechanisms, woody plants respond in a similar physiological
manner to non-woody plants when facing salinity stress (Llanes et al.,
2021). However, an extended juvenile development phase and second-
ary growth in woody plants increases the transport capacity due to
greater stem thickness (Liesche et al., 2017). The extended length of
time and cost needed to obtain fruit yields means that woody crop tol-
erances have been mainly determined only for the vegetative growth
phase (Maas and Grattan, 2015). Though most fruit trees and nut crops
are considered salt sensitive, the salt tolerance definition in woody crops
is complicated because of additional detrimental effects caused by spe-
cific ion toxicities. In contrast, olive and a few other species are gener-
ally thought to be salt-tolerant species (Gucci and Tattini, 2010; Maas
and Grattan, 2015).

Olive is a long-living, evergreen, historically significant sclerophyll
plant of the Mediterranean basin which dominated the corresponding
rural economy and landscape for about six million years (Besnard et al.,
2018; Diez et al., 2015). Olive trees growing in saline soils show reduced
growth, shortened internodes, small leaves with thickened mesophyll
and cell wall, and reduced blooming, pollen germinability, and lower
number of fruits (Gucci et al., 1997). The main symptoms of salt stress in
plants are chlorosis and necrosis of leaves, desiccation of flowers and
new shoots, and leaf abscission after a long period of stress (Rugini et al.,
2016). Accordingly, the premature drop of leaves may be the last de-
fense mechanism against high salt concentrations, simultaneously
reducing accumulations of toxic ions by dropping old leaves and the
transpiration rate of the whole plant. Leaf drop occurs following the
accumulation of toxic ions like Na and Cl, advancing from the bottom to
the top (Loupassaki et al., 2002). Several studies have shown that the
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ability of olive trees to respond to high salt concentrations is closely
linked with effective mechanisms of ion exclusion and retention by the
root system (Chartzoulakis et al., 2002; Tattini et al., 2008). Considering
the ion imbalance due to salinity stress, in olive it has been demon-
strated that calcium plays a key role as a signalling ion (Sodini et al.,
2022), and Na mobilization results in an ion imbalance (Gucci et al.,
1997; Sodini et al., 2023). An ion imbalance leads to the activation of
specific genes, including antiporters like SOS1 (Sodini et al., 2023), NHX
exchanger (Rossi et al., 2016) or genes involved in the phenylpropanoid
pathway, including phenylalanine ammonia-lyase (PAL) (Rossi et al.,
2016). However, plant responses to salinity stress are also linked to the
substrate. In the work of Tavakkoli et al. (2010), authors determined
that the severity of stress in barley (Hordeum vulgare L.) was different in
soil and hydroponic systems since the soil mitigates the effect of stress
according to the cation exchange capacity of soil colloid surfaces. This
exchange capacity provides time for the plant to counteract stress. Since
the capacity of the olive tree to mitigate the effect of stress is strongly
associated with root capacity for sodium exclusion, inert substrates like
perlite and vermiculite may be used experimentally, to test the effect of
cation exchange capacity on tolerance to salinity stress (Lambardi et al.,
2023) without any buffering effect due to soil properties or the presence
of organic amendments (Ondrasek et al., 2022). Perlite as a substrate
ensures good porosity, air and gas exchanges for plant roots, as well as
water and nutrient holding capacity (Mahjoor et al., 2016). The present
study aims to analyze the role of the substrate in mitigating the negative
effects of salinity stress in olive cv. Arbequina by altering water and
nutrient availability. This Spanish cultivar is considered a highly
adaptable cultivar to different types of soil and environments (Ruiz
et al., 2011) due of its low vigour (Farinelli and Tombesi, 2015), thus
rendering it a good candidate for super high-density olive crops system
(SHD) with a medium tolerance to salinity stress (Mousavi et al., 2019;
Weissbein et al., 2008). Therefore, olive plants grown on two different
substrates, peat and perlite, were tested and compared under salinity
stress conditions with an integrated approach using biometric and
physiological measurements combined with biochemical and metab-
olomics analyses. Additionally, the endophytic bacterial community was
assessed to verify the impact of both substrate and stress on the
plant-associated microbiota and to evaluate the role of the
plant-microbiota interaction in the substrate-mediated response to
salinity stress.

Materials and methods
Experimental setup

Two-year-old, self-rooted cuttings of the Arbequina AS1® (hence-
forth called Arbequina) olive cultivar was used in the present experi-
ment, purchased from Agromillora (Sant Sadurni d’Anoia, Barcelona,
Spain). Forty-five plants were used (n = 15 per substrate and salt
treatment combination) to test each of the two substrates, peat (AS) and
perlite (AP), for a total of ninety plants. The plants were grown in a
greenhouse at the University of Florence, Italy (latitude 43°48'58.6" N,
longitude 11°11'58.1" E) from June to September 2019 under semi-
controlled conditions. Experimental conditions included natural, non-
supplemented lighting (average 500 umol m™ s! PAR), a mean air
temperature of 28 °C (maximum 34.5 °C, minimum 24.9 °C), a mean air
humidity of 46 % (maximum 60.5 %, minimum 34.4 %), and an average
photoperiod of 15:9 (L:D). The plants were watered using a circulating
bench sub-irrigation system, which filled the benches to half the height
of the pots (4 cm) in 5 min, with outflow occurring after 15 min.
Following a one-month acclimation period after transplanting, different
NaCl concentrations were applied: 0 mM (control), 100 mM, and 200
mM NacCl, using a half-strength Hoagland solution for nutrient supply
(Hoagland and Arnon, 1950) in two different substrates, perlite (AP) and
peat plus walnut fiber substrate (AS). These substrates are usually used
in combination in olive tree nurseries. Perlite is a common substrate
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employed for olive tree propagation in nurseries, characterized by high
oxygenation and permeability. It is a naturally occurring, inorganic
material that is lightweight and used for aeration and drainage. In
contrast, peat is known for its moisture retention, providing a nutrient
source and creating an ideal environment for root growth. The organic
matter content of peat is crucial for enhancing nutrient exchange, which
is essential for maintaining plant health (Fields et al., 2014). Unlike
other materials, peat enhances the organic content of the substrate,
thereby improving nutrient exchange. Moreover, peat serves as a
nutrient source, although the nutrient content can vary significantly
depending on the type of peat. Blond peat, often used in horticulture, is
characterized by its relatively low nutrient content due to its less
decomposed state than darker, more decomposed peat types. These two
substrates were used singly here in order to determine the effects of salt
stress without the interference of the complex mechanisms present with
most common cultivated soils. By using an inert substrate such as perlite,
the effects of organic matter on ion exchange capacity are reduced, with
the limited ability of this substrate to regulate the availability of nutri-
ents for uptake and assimilation by plants. To avoid osmotic shock, NaCl
concentrations were increased gradually by adding 50 mM NacCl every
two days until the final concentrations were reached (Ben Abdallah
et al., 2021; Palm et al., 2024). The electrical conductivity (EC) and pH
value of the solution reservoir were checked weekly with a portable
conductivity meter and adjusted with HNOs. The set values for EC/pH
were 1.54 mS cm™'/6.8 for 0 mM NaCl (control), 10.44 mS cm™'/6.8 for
100 mM NaCl, and 19.07 mS cm™'/6.8 for 200 mM NaCl.

Biometrics and physiological measurements

Ten plants of each treatment were dissected into roots, stems, and
leaves, and their fresh weights (FW) were recorded immediately at the
end of the experiment. The roots underwent a thorough wash to elimi-
nate any residual substrate, and the tissues dried at 70 °C until constant
weight to determine the dry weight (DW),

Gas exchange measurements were conducted using a portable LI-
COR 6400XT instrument from LI-COR Inc. (Lincoln, NE, USA)
following the same settings described by Palm et al. (2024). All the
replicates collected during the analysis were grouped in a single dataset
to determine the overall effects of salt on each cultivar.

Total phenolic compounds (TPC), total flavonoids (TFL) and
malondialdehyde (MDA) were analyzed following a sequential extrac-
tion protocol and colorimetric measurements according to Lopez-Hi-
dalgo et al. (2021).

Ferric reducing antioxidant power

The ferric-reducing antioxidant power (FRAP) was determined ac-
cording to Benzie et al. (1996) in triplicate (n = 3), and the values were
expressed as Trolox equivalent antioxidant capacity (TE, puM Trolox
equivalents per mg g~ DW of dry plant).

Analysis of Na' and K*content in the biomass

Na™, K, and Ca?" contents of the roots, stems, leaves were deter-
mined using an extraction method previously outlined in Guidi Nissim
et al. (2021). Digested samples were diluted to a final volume of 50 mL
using Milli-Q water and then analysed using a Flame Photometer Digi-
flame2000 DV 704 (Lab Services SAS, Rome, Italy), according to Palm
et al. 2024.

LC-DAD-ESI-TOF-MS analysis of leaf metabolite extracts

Twenty leaves from the midsection of the primary axis were collected
and pulverised in liquid nitrogen using a pestle and mortar. Subse-
quently, 0.5 g of the ground leaves were weighed and placed in a 15 mL
bag (BIOREBA, Reinach, Switzerland) and proceeded as reported by
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Vergine et al. (2022). This process was replicated three times for each
leaf sample collected after eight weeks from the beginning of the
experiment.

Leaf extracts were analysed through LC-DAD-ESI-TOF-MS to char-
acterize and quantify metabolites using an Agilent 1200 HPLC DAD ESI/
MS-TOF system (Agilent Technologies, Palo Alto, CA, USA) equipped
with a standard autosampler and an analytical column Agilent Zorbax
extended C18 (5 x 2.1 cm, 1.8 um), as previously reported by Palm et al.
2024. The HPLC system was coupled to an Agilent diode-array detector.
Agilent 6320 TOF mass spectrometer was used, equipped with a dual ESI
interface (Agilent Technologies). Compound detection was performed
within a mass range of 50-1700 m/z. The accurate mass data of the
molecular ions were processed through the software Mass Hunter
(Agilent Technologies). The limit of quantification (LOQ) was deter-
mined as the signal-to-noise ratio of 10.1, and the limit of detection
(LOD) was established as a 3:1 ratio.

Chlorophyll and proline analysis

Spectrophotometric analyses were carried out on 10 mg of fresh olive
leaves collected from six plants (n = 6) for each treatment. The leaves
were taken from the midpoint of the central leaf axis, frozen in liquid
nitrogen, and then finely ground to a powder. Subsequently, 1 mL of
cold methanol was added to the ground leaves, followed by shaking for
30 min and centrifugation at 10,000 x g for 10 min. The resulting su-
pernatant was utilized for absorbance readings at 665, 652, and 470 nm
to determine the levels of Chlorophyll a (Chla), b (Chlb), and caroten-
oids, respectively. Absorbance readings were performed using a TECAN
spectrophotometer with a 96 black multi-plate reader. Pigment quan-
tification was conducted based on the equations provided by Wellburn
(1994).

Proline concentrations were determined from 200 mg of fresh leaves
collected (n = 5) and frozen with liquid nitrogen. 1.5 mL of 3 % w/v
sulfosalicylic acid was added, and the samples vortexed and centrifuged
at 14,000 x g for 15 min. The resulting supernatant was collected in glass
tubes. The reaction mixture, consisting of 1.25 g ninhydrin, 30 mL
glacial acetic acid, and 20 mL of 6 M phosphoric acid, was added to the
extracted supernatant. Samples were incubated at 100 °C for 1 h, until
their color changed to red-violet, depending on proline concentration;
the supernatants were then cooled on ice to arrest the reaction. The
samples were then extracted with 1 mL of toluene, vortexed to facilitate
the separation of organic and water phases, and analysed using a Biorad
SmartSpec Plus spectrophotometer (BioRad, Petaluma, CA, USA), with
absorbance readings taken at 520 nm. Toluene was used as a blank. The
calibration curve was established using a standard compound at various
concentrations, and the proline concentration relative to fresh weight
was calculated as outlined in Bates et al. (1973).

DNA extraction and sequencing — metabarcoding analysis

Extraction of DNA and subsequent metabarcoding analysis was un-
dertaken on leaves collected at both the initial (T0) and concluding
stages of the experiment (control T1 and salt-treated T100, T200), ac-
cording to Vita et al. (2022). Roughly 1 gram of leaves was placed in
BIOREBA extraction bags (Switzerland), to which 4 ml of Tris-HCI--
based extraction buffer (0.2 M Tris-HCI pH 9, 0.4 M LiCl, and 25 mM
EDTA) was added. Samples were homogenised using a semi-automatic
homogeniser, following the procedure detailed by Vergine et al.
(2019). Subsequently, DNA  was extracted using a
phenol-chloroform-isoamyl alcohol solution (25:24:1 ratio) following
the protocol outlined by Edwards et al. (1991) with slight modifications.

The quantified DNA served as a template for PCR amplification using
CS1-341F and CS2-806R primers targeting the V3-V4 variable regions
of the 16S rDNA gene (Caporaso et al., 2011; Klindworth et al., 2013). A
mixture of PNA (peptide nucleotide acid) blocker oligos (PNA Bio Inc.,
USA) was incorporated to enhance sequencing accuracy and prevent the
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amplification of chloroplast and mitochondria sequences (Sillo et al.,
2022; Vergine et al., 2024). Paired-end reads were obtained for each
sample under each condition, resulting in 48 libraries: 12 for TO (con-
trol) and 36 for T1 (control, T100, and T200). Sequencing was con-
ducted on an Illumina MiSeq platform (v3 chemistry) at the Génome
Québec Innovation Center, McGill University (Montréal, Canada).

QIIME2-pipeline

Initial analysis of paired-end sequences encompassing the V3-V4
regions of bacterial 16S rRNA was conducted using Quantitative Insights
Into Microbial Ecology 2 (QIIME2) v. 2021.4 as previously described
(Vita et al., 2022). Removal of adapter sequences was achieved through
cutadapt (Leinonen et al., 2011), and sequences were truncated at 280
bases (forward library) and 200 bases (reverse library) from the start.
Dada2 tool (Callahan et al., 2016), which is integrated into QIIME2, was
applied for sequences denoising. The clustering process employed
VSEARCH cluster-features-de-novo (—p-perc-identity 0.99) (Rognes
etal., 2016) and sequence classification was assessed using a pre-trained
naive Bayes classifier (silva-138-99-nb-classifier.qza) with the sklearn
feature classifier method (Pedregosa et al., 2011). To refine the dataset
and remove contaminants, chloroplast and mitochondria sequences
were filtered out from the resulting Operational Taxonomic Units (OTU)
table using the "filter-features" parameter in QIIME2.

The output from QIIME2, including the amplicon sequence variance
(ASV) table, taxonomy, metadata file, and tree, was converted into a .
biom file and used in Microbiome Analyst (Chong et al., 2020) for the
visualisation and statistical univariate and multivariate analysis. Data
filtering criteria were assessed for eliminating low-quality and
non-informative features; minimum count of features was set at "10”
(representing 10 % prevalence in samples), and 10 % of features with
low variance in samples were removed based on the Interquartile Range
(IQR). Total Sum Scaling method was utilised for data scaling. Statistical
assessment of differences in taxa abundance among samples at the
feature level utilised Shannon, Simpson, and Chaol indexes for o-di-
versity and PermANOVA (100 permutations) for p-diversity, with an
adjusted p-value cutoff (FDR) set at 0.05.

METAGENassist (Arndt et al., 2012) was then utilised to predict
functions (metabolism) from metagenomic data. Before analysis, the
data were filtered based on Interquartile Range (IQR) and normalised
(mean-centered and divided by the standard deviation of each variable).
Functions were associated with identified taxa, and differences were
determined by ANOVA, with Tukey HSD as a post-hoc test. The 168 li-
braries are accessible at https://doi.org/10.6084,/m9.figshare
.25048388.

Arbequina peat

W
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Statistical analysis

The data from biometric, photosynthetic, ion, pigments and poly-
phenolic analyses were assessed for normal distribution through a
Shapiro Wilk test, and then analyzed using two-way ANOVA approach
followed by Tukey’s honestly significant difference (Tukey’s-HSD) post
hoc test (p < 0.05) within each substrate (peat, perlite).

Results

The present study was performed on one olive cultivar plant, Arbe-
quina AS1®, grown on two substrates, peat (AS) and perlite (AP), which
were exposed to control and two salt stress conditions (0 mM, 100 mM
and 200 mM NacCl, respectively) according to the experimental scheme
summarized in Fig. 1.

Morphological and physiological parameters

Biometric data

Variations in salinity treatments had no significant impact on the
overall fresh weight of plants cultivated in two different substrates
(Fig. 2). Nevertheless, plants grown in peat (AS) demonstrated a higher
total fresh weight compared with those cultivated in perlite (Fig. S1-2).
It was observed that using peat as the substrate reduced the inhibition of
shoot growth due to increasing salinity. In AP, a general decrease in the
fresh weight of leaves was observed for both treatments, compared to
the corresponding control (Fig. 2C); in contrast, a significant reduction
in AS was observed only with the highest treatment. Additionally, in AS,
the leaf fresh weight was higher, although not statistically significant,
than in AP across the diverse treatments, except for 200 mM of NaCl
(Fig. 2C). Diverse salt irrigation had no effect on the development of
stems and roots in either substrate (Fig. 2E and G). However, AS
exhibited a greater stem fresh weight compared to AP in all treatments
(Fig. 2E), while, except for the treatment with 100 mM of NaCl, no
significant difference in root fresh weight was observed between AS and
AP plants (Fig. 2G).

According to the two-way ANOVA results, salt treatments had a
negative impact on total dry weights in AS and AP plants, particularly
with 200 mM NacCl (Fig. 2B). As with the fresh weights of shoot tissues,
the total dry weight and leaf dry weight was higher in AS plants across
all three treatments. However, in AS plants, total and leaf dry weights
decreased significantly in both 100 mM and 200 mM salt treatments
relative to control. No significant changes were observed in AP plants in
response to increasing salt concentrations (Fig. 2B and D). Although AS
plants in control and 100 mM NacCl conditions had higher dry weight
than AP plants, no differences between the two cultivars were observed

Arbequina perlite

(AS) (AP)
YYY | ¥¥¥

0 mM NaCl

Biometric parameters
Fresh (FW) and dry weight (DW)

Physiological parameters

Keead -
“7” .‘T” ¥ ¥ Y Gas changes
100 mM NaCl “ “ “ “ “ “ Chemical parameters
lon concentration
- 53 o e~ o Polyphenol analysis

200 mM NaCl

Microbiome analysis

Fig. 1. Experimental setup scheme.
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dition. Samples were grown under different substrate; perlite (AS) and peat (AP). Tukey-HSD was performed as two-way ANOVA post hoc test according to the
cultivar variable. **** < 0.0001 *** < 0.001 ** < 0.01 * < 0.05. Data were reported as mean + S.E.M. (n = 10).
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with 200 mM NacCl (Fig. 2B and D). Biochemical data reported in Fig. S3
showed that salinity stress led to an increase in the total polyphenols
(TPC, Fig. S3A), flavonoid (TFL, Fig. S3B) and malondialdehyde (MDA,
Fig. S3C) contents in both cultivars, with the highest values reported
with 200 mM of NaCl in AS. The same trend was also reported for ferric-
reducing antioxidant power (FRAP) data, with a general increase due to
salinity stress in both cultivars (Fig. S3D).

Plants grown under control conditions significantly promoted their
growth and leaf number in both substrates over the eight weeks of
experimentation (Fig. 3A and Fig. S4). Notably, Arbequina plants
exhibited a more substantial development in height and length of new
shoots when grown in peat (AS) than in perlite (AP) (Fig. 3B).
Furthermore, the number of leaves was higher in AS than AP, except
with 200 mM NaCl, where no differences occurred between plants
grown on the two substrates. Compared to the control, salt treatments
adversely affected the height and length of new shoots, as well as the
number of leaves in both substrates (Fig. 3). Though a significant decline
in the number of leaves was observed only with 200 mM NaCl in AS,
both salt stress conditions had similar inhibitory effects in AP (Fig. 3A).

Physiological data

The measure of the relative water content (RWC) of leaves showed
that 200 mM NacCl induced a drastic reduction only in old leaves of AP
plants (Fig. 4). On the other hand, the same salt stress did not change the
RWC in the young leaves of AP and in both types of leaves of AS (Fig. 4).

Gas exchange parameters were collected every two weeks using the
portable LI-COR 6400XT instrument (LI-COR Inc., Lincoln, NE, USA) for
a period of eight weeks. The time course data are shown in the supple-
mentary material (see Fig. S5). As reported in Table 2, salt treatments
negatively affected gas exchange parameters of plants in perlite and peat
(Table 1). Overall, higher values for gas exchange and photosystem ef-
ficiency parameters were supported by the use of peat as the growth
substrate. However, plants grown in peat also demonstrated greater
sensitivity to increasing salt concentrations, with greater reductions in
all photosynthetic parameters than those of plants grown in perlite.
After 8 weeks, the net carbon assimilation rate (A;) and stomatal
conductance (gs) were significantly reduced compared with control
samples in each substrate at 100 mM and 200 mM concentrations. In
particular, the A; reduction was dose-dependent in AS, with a 22.9 %
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%k %k A
1 Substrate:****
_ * * %k Treatment:****
100 Interaction:ns
Hm AP
80 mm AS
60
:'é'
=
40+
20
0 -
0 100 200 0 100 200
NaCl, mM

Plant Stress 14 (2024) 100648

RWC
Substrate:*
1001 Treatment:*
kK
1
90- *k mm AP old leaves
Em AS young leaves
o B AS old leaves
2
Z 801
ES
704
60-
0 100200 0 100200 0 100200 0 100200
NaCl, mM

Fig. 4. Relative water content (RWC) of Arbequina AS1® plants grown on
different substrates and subjected to different saltwater irrigation for 8
weeks. All values as presented as medium value + SEM (n = 5). Statistical
significance of the difference between control and salt-stressed leaves was
assessed by Tukey test (p-value <0.05) and indicated with different letter. ****
< 0.0001 *** < 0.001 ** < 0.01 * < 0.05.

and a 38.4 % reduction compared with controls with 100 and 200 mM,
respectively. In general, salt induced a significant decline in both
treatments that is not dependent on the NaCl concentration in AP
(Table 1). The same trend was observed for stomatal conductance (gs), in
which the salt effect was dose dependent in AS, with 33 % (100 mM
treatment) and 59 % (200 mM treatment) reductions in gs compared
with control in AS. In addition, AS exhibited the highest photosynthetic
rates compared with AP in all treatments.

The saline water irrigation did not significantly affect the intercel-
lular CO5 concentration (Ci) of plants in either substrate; however, AP
plants had higher Ci values than AS plants. In contrast, the electron
transport rate (ETR) was affected by the salt treatments. While AS
exhibited a significant reduction in both salt treatments, AP revealed a
significant decrease only at 200 mM NacCl. Even in this case, AS plants
always had greater ETR values than AP plants. Maximum quantum yield

Height + new shoots B
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* kK ¥k %k %k %k %k Interaction:ns
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% %k %k *
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0 100 200

Fig. 3. Biometric data related to number of number leaves and related heights per plant of AS-1 cultivar grown on different substrate and subjected to
different saltwater irrigation for 8 weeks. All values as presented as medium value + SEM (n = 10). Statistical significance of the difference between control and
salt-stressed leaves was assessed by Tukey test (p-value <0.05) and indicated with different letter. **** < 0.0001 *** < 0.001 ** < 0.01 * < 0.05.
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Table 1

Plant Stress 14 (2024) 100648

Physiological parameters measured in the current experiment. Values are the averages of the values collected across the eight-week experiment once a week (n =
6). Values reported are the grand mean of all collected data (mean + S.E.M, n = 48) for each treatment, relative to carbon assimilation rate (An), stomatal conductance
(gs), and intercellular CO, concentration (Ci). Significance levels (p-values) of treatment, cultivar, and cultivar x treatment effect are shown. Different capital letters on
the same column indicate significant differences due to treatments, according to Holm-Sidak test (p < 0.05). The differences (with the threshold of 5 %) between
treatments (F, NF) and among cultivars are expressed by the symbols of comparison (>=<).

Treatments Cultivar An gs Ci Fv/Fm Fv’/Fm’ ETR
umol CO2 m2 mmol HyO m 2 umol COy m™2
st st s
Mean + S.EM Mean + S.EM Mean + S.EM
0 AP 5.34 + (0.18) 0.042 + 217.32 + 0.82 + 0.45 + (0.09) 61.07 + (3.25)
(0.004) (11.27) (0.003)
AS 10.04 + (0.65) 0.093 + 183.51 + 0.82 + 0.50 + (0.04) 117.91 +
(0.007) (5.44) (0.004) (5.85)
Mean 7.69 A 0.07 A 200.42 0.82 0.48 89.49
100 AP 3.98 + (0.22) 0.039 + 227.85 + 0.82 + 0.42 + (0.07) 51.15 + (3.46)
(0.004) (8.77) (0.006)
AS 7.74 + (0.45) 0.062 + 165.54 + 0.81 + 0.44 + (0.06) 91.12 + (7.67)
(0.006) (12.74) (0.001)
Mean 5.86 B  0.05 B 196.70 0.82 0.43 71.14
200 AP 2.96 + (0.27) 0.03 + (0.004) 231.97 + 0.81 + 0.37 + (0.09) 46.88 + (2.59)
(9.53) (0.006)
AS 6.18 + (0.57) 0.038 + 133.37 + 0.82 + 0.42 + (0.02) 64.71 + (3.99)
(0.006) (24.15) (0.001)
Mean 4.57 C 0.034 C 17267 0.82 0.4 55.79
2-way Substrate <0,0001 <0,0001 <0,0001 0.1764 <0,0001 <0,0001
ANOVA
(p-value) Treatment <0,0001 <0,0001 0.5316 0.9191 <0,0001 <0,0001
Treatment x 0.1277 <0,0001 0.1204 0.1458 0.2605 0.0004
substrate
Sidak’s Cultivar AP (0 > AP (0 > AP (0 > 200)
100=200) 100>200)
grouping AS (0 > AS (0 > AS (0 > AS (0 >
100>200) 100>200) 100=200) 100>200)
Treatment 0 (AS>AP) 0 (AS>AP) 0 (AS>AP) 0 (AS>AP)
100 (AS>AP) 100 (AS>AP) 100 (AS<AP) 100 (AS>AP)
200 (AS>AP) 200 (AS<AP) 200 (AS>AP) 200 (AS>AP)

(Fv/Fm) remained stable between control, 100 mM, and 200 mM for
both substrates.

On the other hand, salt treatments drastically reduced the efficiency
of photosystem II (Fv’/Fm’) of light-adapted leaves in both treatments,
with a significant reduction between 100 and 200 mM NacCl in both AP
and AS plants. Reductions in response to salinity were dose-dependent
for plants grown in both substrates only for Fv’/Fm’. The aforemen-
tioned biometric data thus confirm the drop in physiological parameters
occurring in stress conditions of AP compared to AS. By highlighting DW
data (Fig. 2), the response differences between substrates are well
correlated to carbon assimilation rate (An) and stomatal conductance
(gs) data (Table 1), which is consistent during the eight weeks of the
experiment (Fig. S4). Conversely, the intercellular CO, concentration
(Ci) showed an opposite response trend, with higher values reported in
AP samples that seem not to be much impacted by stress. This
distinctness may be ascribed to different stomatal regulation, with a
general reduction of transpiration and carbon dioxide uptake in AP
plants due to perlite substrate.

Pigment and proline contents

Pigment analyses in Fig. 5 show that while salt treatments did not
affect the Chl a concentration, the use of different substrates does lead to
significant changes, with an increase in AS plants across all treatments
relative with AP plants. On the other hand, salt treatments negatively
influenced Chl b concentrations in both substrates (Fig. 5A, B). In
particular, there was a significant decrease in Chl b in both treatments of
AS plant compared with the control, while in AP, there was a significant
decrease with only 200 mM NaCl. Salt treatments significantly affected
leaf carotenoid concentrations only in 200 mM NaCl of AS compared
with control (Fig. 5C). Proline content was quantified to highlight the

response of a compatible osmolyte to salt stress (Fig. 5). Results indi-
cated that only AP plants displayed a clear response pattern, with a
significant increase of proline content in T200 compared with control.
By contrast, the other substrate did not show any consistent change in
response to stress.

Identification and quantification of polyphenolic compounds

Salt-induced changes in polyphenol contents were quantified in
leaves by HPLC ESI/MS-TOF and data analyses were carried out using
the Mass Hunter software (Agilent Technologies). The list of the eight
polyphenolic compounds identified with retention time, experimental
and calculated m/z, and molecular formula is reported in Table 2.

As illustrated in Fig. 6, irrigation with different saline water resulted
in alterations in the concentrations of several polyphenolic compounds
in Arbequina. Increasing NaCl negatively affects leaf quinic acid, with a
significant drop after eight weeks of treatment with 100 and 200 mM
NacCl in both substrates (Fig. 6A). However, statistical differences were
observed between the substrates, with AP plants exhibiting a lower
content of quinic acid compared with AS plants (Fig. 6A). Leaf rutin
concentrations were influenced by the salt concentration (Fig. 6B). On
the other hand, as reported by two-way ANOVA, AP plants exhibit a
greater amount of rutin concentration compared with AS, regardless of
the NaCl concentration. While verbascoside concentrations in AP plants
decreased with 100 mM NaCl and increased with 200 mM NaCl, the
concentration in AS was stable at 100 mM and increased at 200 mM
(Fig. 6C). Furthermore, different salt treatments did not influence leaf
quercetin glucoside concentrations (Fig. 6D). As observed in Fig. 6E, the
irrigation with different saltwater decreases the oleuropein concentra-
tions in AP, while increasing significantly in AS at 200 mM. In AP plants,
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Fig. 5. Pigments (Chl a, b and carotenoids) and proline data of Arbequina AS1® plants. Data are the mean values + S.E.M consisting of six (n = 6) and five (n =
5) independent replicates for pigments and proline analyses, respectively, for each experimental condition. 2-way ANOVA analyses coupled with Dunnet’s Post-hoc
tests (p-value <0.05, reference sample, T1 Control) were performed. **** < 0.0001 *** < 0.001 ** < 0.01 * < 0.05.

hydroxytyrosol glucoside content changed after salinity treatment, with
a significant drop after treatment with 100 mM NaCl and an increase
with 200 mM NaCl; by contrast, no significant salt-induced changes
were observed in hydroxytyrosol glucoside content of AS plants
(Fig. 6F). Luteolin glucoside levels drastically changed after different
salt irrigation in plants grown on both substrates (Fig. 6G). In particular,
compared to the control conditions, there was a significant decrease in
leaf luteolin glucoside concentrations with 200 mM NacCl in AP plants,
and after both salt treatments in AS plants. However, under the control
condition, the level of luteolin glucoside in AP plants was higher than in
AS plants (Fig. 6G). Lastly, leaf luteolin levels were affected by saline
treatments with significant differences between AP and AS with 100 mM
NaCl treatment (Fig. 6H).

By comparing physiological and metabolomic data, we may observe
that the reduction in photosynthetic parameters like gas exchange seems
to correlate to quinic acid, where the stress-related reduction is statis-
tically significant in both substrates. This data fits with Chl b content,

where a drop is still related to stress severity. Conversely, verbascoside
and oleuropein showed a different trend, mainly in AS, with a salinity-
induced increase. These differences in substrate-dependent responses
are even more pronounced when comparing proline and carotenoid
data, where AS and AP showed peculiar stress response patterns in terms
of luteolin and hydroxytyrosol glucoside contents, in which the different
substrates affect their production.

Results of ion measurements

Fig. 7 shows that irrigation with saline water caused a significant
accumulation and translocation of sodium into the tissues of plants
grown in perlite and peat. Independently from saline treatment, the
highest sodium concentration was found inside the roots, then stems,
and lastly, leaves (Fig. 7A-C). Compared with the control, after 200 mM
NacCl, the Na concentration in roots was 10-fold and 11-fold higher in AP
and AS, respectively. AP exhibited a significant sodium accumulation
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Table 2
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List of polyphenolic compounds from olive leaves identified and quantified in leaf samples by HPLC DAD ESI/MS-TOF using specific chemical standards, as reported in

Palm et al. 2024.

Compound (M-H)~ m/z Exp” m/z Clc” Am RT Score® Reference
(ppm)© (min)*
Quinic acid Cy H1106 191.0567 191.0609 -2.96 0.469 93.23 (Taamalli et al., 2013; Talhaoui et al., 2014)
Hydroxytyrosol C14H190g 315.1098 315.1085 -3.94 1.025 84.88 (Taamalli et al., 2013; Talhaoui et al., 2014)
glucoside
Rutin Cy7H29016  609.1467  609.1461 —-1.00 6.069 79.33 (Fu et al., 2010; Talhaoui et al., 2015)
Quercetin glucoside C21H19012 463.0898 463.0882 —-3.42 6.290 76.49 (Fu et al., 2010; Quirantes-Piné et al., 2013; Talhaoui et al., 2015,
2014)
Luteolin C21H19011 447.0932 447.0933 0.23 6.432 88.75 (Fu et al., 2010; Taamalli et al., 2012)
7-0 glucoside
Verbascoside C2oH35015 623.1985 623.1981 —0.64 6.993 77.09 (Lozano-Sanchez et al., 2010; Talhaoui et al., 2015)
Oleuropein Ca5H31013 539.1791 539.1770 -3.92 8.829 58.69 (Lozano-Sanchez et al., 2010; Taamalli et al., 2013; Talhaoui et al.,
2014)
Luteolin C15HoO0g 285.0419 285.0455 —4.87 11.939 97.08 (Lozano-Sanchez et al., 2010; Taamalli et al., 2013)

a

b

m/z experimental.
m/z calculated.

¢ difference between the observed mass and the theoretical mass of the compound (ppm).

a

retention time.
e

measured data
*Compound positively identified with authentic chemical standards.

A

Quinic acid Rutin

onex

isotopic abundance distribution match: a measure of the probability that the distribution of isotope abundance ratios calculated for the formula matches the

Verbascoside

Quercetin glucoside

40000+ 00 800 .
. oex v e Subirata
Trestment. : paiid
30000 _ 300 550 - AP
g g z 3 = a3
> 20000+ - = 200 > 00 2
=3 3 -~ > > =)
= = e EY
10000~ 100 450
0 100 200 0 100 200 0 100 200 0 100 200 0 10 200 0 100 200 0 100 200 0 100 200
NacCl, mM NacCl, mM NaCl, mM NaCl, mM
Oleuropein E Hydroxytyrosol glucoslde F Luteolin glucoside G Luteolin H
paid
paiid piiid
LIl %
25000 we Poven 400 PYeT * 800-
ses Eﬁut-ln'-n-
Trestment”
20000+ 300 600 - AP
1 . AS
E 15000~ E E
@ 20 @ 400
2 ) 3
S 10000+ a =

5000~

o 100 200
NaCl, mM

0 100 200

0 100 200
NacCl, mM

0 100 200

100 200

0 100 200 0 100 200
NacCl, mM

0 100 200
NacCl, mM

0 100 200

Fig. 6. HPLC-DAD ESI-MS results of the main polyphenolics identified in Arbequina AS1® olive leaves using reference standard compounds. (A-H) Two-
way ANOVA coupled with Dunnet’s test (p-value <0.05, reference sample, T1 Control) was performed. Values are mean + S.E.M. (n = 3). **** < 0.0001 *** < 0.001

** <0.01 * < 0.05.

compared with AS in all salt treatments and tissues examined. AP leaves
and stems showed a considerable sodium accumulation compared with
AS in both treatments (Fig. 7A and B). On the other hand, there was no
significant difference in the root sodium concentration between sub-
strates after eight weeks of treatment (Fig. 7C).

Potassium concentrations were significantly reduced with the
application of salt (Fig. 7). In the leaves (Fig. 7D), potassium concen-
trations significantly declined after salt was applied particularly in AP
plants, where potassium concentrations were consistently lower than AS
plants. Moreover, although salt irrigation reduced potassium concen-
trations in stems, there were no significant changes among treatments in
either substrate (Fig. 7E). Root potassium levels significantly declined
after salt treatment (Fig. 7F). Similar to the stems, potassium

concentrations in the roots were significantly reduced between 100 mM
and 200 mM NaCl compared with control plants (Fig 7F).

Additionally, the salt treatments drastically reduced the potassium-
sodium ratio in leaves, stems, and roots, which declined in all tissues
for both substrates compared to control values (Fig. 7G-I). Despite the
observed changes in tissue ion concentrations among substrates, there
was no significant difference in K/Na ratio between AS and AP plants
after salt treatments (Fig. 7G-I).

Endophytic community profile

A careful analysis of the endophytic community was accomplished
on leaf samples both at the initial (T0) and concluding (T1) (control, 100



M. Vergine et al.

Na* leaves A Na* Stems
Substrate:
Treatment:****
25 -
20
=
a 1s
P'cn
? 10
5
0
0 100 200 0 100 200 0 100 200 o
NaCl, mM
NaCl, mM ’
K* leaves D K* Stems
25 Interaction:ns 25
20 20
z z
FRH _ a5
‘T§ 10 %" 10
s 5
0 [
0 100 200 0 100 200 0 100 200 0
NaCl, mM NacCl, mM

K*/Na* Leaves

0
100 200 0

0 100 200 [
NaCl, mM

100 200

K*/Na* Stems

0

NaCl, mM

0
100 200 0

Plant Stress 14 (2024) 100648

Na* Roots
40
35
30 - —_—
25
E —
3 20
"2 15
=)
E 10
5
[
100 200 0 100 200 0 100 200
NaCl, mM
E K* Roots F

Substrate:
Treatme!
Interaction:*

100 200 0
NaCl, mM

100 200

K*/Na* Roots

Substrate:****
Treatment

25

20

5.0
25

0.0

100 200 0 100 200 0

NaCl, mM

100 200

Fig. 7. Na© and K" concentration, and K*/Na™ ratio values measured in different plant tissues (leaf, stem, root) of Arbequina AS1® samples under
different experimental conditions (substrate, saline irrigation). (A,D,G) Leaf data. (B,E,H) Stem data. (C,F,I) Root data. Statistical analyses were performed

according to two-way ANOVA coupled with Tukey post-hoc test (p-value <0.05). Values are mean + S.E.M. (n = 6). **** < 0.000

mM NaCl and 200 mM NacCl) stages of the experiment. Fig. 8 provides a
representation of the identified ASV depending on the substrate and the
saline treatment used, whereas data on libraries rarefaction is reported
in Fig. S6. The a-diversity analysis on different substrates and after
treatments, done at genus levels using three different indexes (Chaol,
Simpson and Shannon), showed that there was no significant difference
(Fig. 9).

Fig. 10A demonstrates the 2-D ordination plot, with statistical sig-
nificance determined through Permutational ANOVA [PERMANOVA].
Beta-diversity was evaluated using PCoA based on Bray-Curtis distances
and weighted UniFrac (Fig. 10A), capturing 95.2 % of the total variance
(63.2 % PC1, 32 % PC2). These analyses discern changes in the dataset’s
presence/absence or abundance of thousands of taxa. A comprehensive
examination, involving the comparison of each sample to every other
sample that resulted in a distance matrix, identified that bacterial
communities in samples exposed to 100 mM NaCl for both substrates
exhibited significant differences from others (PERMANOVA F-value:
4.4084; R-squared: 0.39805; p-value: 0.002, Fig. 10A). Notably, the
T100 samples clustered distinctly from others when considering the
treatment factor, affirming the existence of unique features among the
different conditions. Phylogenetic reconstruction of detected ASV
showed that T100 samples include related genus. The genus Ezakiella
was detected almost exclusively in T100 of both substrates (AP and AS),
as well as Cutibacterium and Bradyrhizobium (Fig. 10B). This result was
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**% < 0.001 ** < 0.01 * < 0.05.

confirmed by heatmap, and Top 25 taxa analysis shown in Fig. 11 and
also by univariate analysis (Fig. 12) in which the sample related to AP
T100 demonstrated that the genus of greatest abundance were Staphy-
lococcus (10g2FC 16.295, p-value 9.92E-05, FDR 0.0011903) and Eza-
kiella (1og2FC 16.295, p-value 0.0058568, FDR 0.026851Results from
ASV’s identification is also depicted in Fig. S7 as a heat tree, with an
overall representation (Fig. S7A) and head-to-head comparison based on
different substrates (Fig. S7B), where no significant features have been
reported.

The outcomes of METAGENassist analyses illustrate that the meta-
bolism of endophytic bacteria inside the leaves is ascribed to different
metabolism types (Fig.S8 and S9). The main metabolism types in both
substrates were ammonia oxidizer, sulfate reducer, nitrite reducer, and
dehalogenation. However, the abundance of these metabolism types
changed when comparing the two substrates (Fig. S10). For example, the
dehalogenation metabolism of AS bacteria (67.7 %) was lower,
compared to that of AP (69.3 %). Moreover, the nitrite reducer meta-
bolism was higher in AP bacteria (69.3 %) than in AS (67.8 %). Xylan
degrader bacteria were greater in AP (0.9 %) than AS (0.2 %). On the
other hand, the salt treatments seem to slightly change the bacteria’s
metabolism inside the leaves. In 100 mM NaCl, there was a decrease in
ammonia oxidizer (96 %) compared with TO and the rest of T1 (Fig. S9),
as well as in the substrate comparison (Fig. S10) by comparing peat (~98
%) and perlite (97 %).
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Discussion

Olive tree responses to salinity have been studied in the last 30 years,
encompassing a wide range of physiological, biochemical, morpholog-
ical and molecular responses (El Yamani and Cordovilla 2024). In the
pioneering work by Tattini et al. (1992), authors illustrated that
forty-day-old self-rooted genotypes ‘Frantoio’ and ‘Leccino’ had shown
different responses to salinity stress after 60 days of salinity stress at
different concentrations (0, 12.5, 25, 50, and 100 mM). However, both
cultivars exhibit a significant reduction in net photosynthetic rate, en-
ergy lost for salt exclusion mechanism, decrement of nutrient uptake,
and finally, a reduction of plant growth. In particular, the ‘Leccino’
cultivar showed more significant potassium, calcium and magnesium
reductions in its tissues with respect to ‘Frantoio’. The K/Na ratio was
also consistently higher in ‘Frantoio’ than in ‘Leccino’. A subsequent
study by Tattini et al. (1997) demonstrated that, despite similar Na
uptake rates, ‘Frantoio’ and ‘Leccino’ diverged in terms of Na trans-
location to the shoots and Na exclusion by the roots. However, apical
leaves of ‘Frantoio’ showed significantly higher K/Na ratio respect basal
leaves, while this was not observed in ‘Leccino’; for this reason, it was
suggested that K/Na discrimination in favour of younger leaves is indeed
correlated with salt tolerance in Olea europaea Munns (Tattini et al.,
1997).

The role of calcium in salinity stress responses in olive was studied by
Melgar et al. (2006), which demonstrated that calcium increases sodium
exclusion in olive plants. In fact, the ‘Picual’ olive cultivar irrigated with
saline water (75 mM NaCl + 40 mM CaCl,) reduced sodium concen-
tration in the leaf and did not show chlorosis symptoms with respect to
plants that were not supplied with CaCl,. Consequently, Melgar et al.
(2006) assumed that calcium deficiency could facilitate sodium toxicity,
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and that Ca was directly involved in Na' exclusion and retention
mechanism from the roots to the leaves. An extensive study of the effect
of salinity stress on four olive tree cultivars, Arbequina included, was
achieved in the work by Regni et al. (2019), where several physiological
parameters were monitored. Differences in pigment contents, antioxi-
dant enzymes activities (Glutathione reductase, GSH, and catalase, CAT)
and gas exchange parameters were identified as direct consequences of
the stress. More recently, Sodini and coworkers (2022) identified a
specific molecular mechanism underlying the salt stress response in
olive trees, which includes the overexpression of genes like SOSI,
ATPasell and ATPase8 in Frantoio plants treated with 120 mM of NaCl
for 30 days.

The experimental set up used in these studies played a pivotal role in
shaping the plants’ reactions to such stress, which are influenced by
several factors like plant age, environmental conditions, treatment
duration, irrigation system, salt source, and substrate type, significantly
impacting the results (Mousavi et al., 2019, 2022; Palm et al., 2024).
Our investigation represents a pioneering effort to explore the influence
of different substrates, specifically inert perlite (AP) and peat plus
walnut fiber substrate (AS), on modulating salt stress in the Arbequina
olive cultivar.

We discerned notable improvements in growth and leaf count in peat
compared to perlite. This enhancement is likely tied to peat’s superior
water and mineral nutrient retention capacity, ensuring their avail-
ability to the plant as needed. Furthermore, the decreased growth rate in
AP may be attributed to varying hydraulic conductivity compared with
AS. Perlite exhibited substantially lower water conductivity than peat-
based substrate at high matric potentials and exacerbated as potentials
declined. This discrepancy implies that perlite’s conductivity could
constrain water uptake during periods of high transpiration rates
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Fig. 9. Alpha diversity metrics of the analysed data. Data were computed based on three different indexes, (A) Chaol, (B) Shannon, and (C) Simpson. Samples

were classified based on treatment and substrate variables.
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(Jackson, 1974). Remarkably, salt stress curtailed the growth of plants Nevertheless, plants can only endure until the stress source is removed,
in both substrates after the 2nd week, except in AS plants subjected to emphasizing the perilous consequences of whether salt effects surpass
100 mM Nacl irrigation, where olive trees exhibited a slight growth defense mechanisms of plants against stress, according to what has been
increase without significant leaf drop. This finding supported the hy- previously reported (Munns and Tester, 2002; Tattini et al., 2008).

pothesis that peat efficiently alleviates salt effects compared to perlite. Moreover, prolonged exposure to salt stress inevitably diminished

15



M. Vergine et al.

photosynthetic activity and stomatal conductance, particularly evident
in AP. This decline may be linked to limited water availability and the
elevated sodium concentration inside leaves due to the absence of soil
structure capable of retaining sodium and chlorine ions (Khondoker
et al., 2023). Differences in AP responses can be due to substrate
composition since peat and perlite are characterized by different water
retention indexes (Markoska et al., 2018), with peat having a higher
water-holding capacity due to smaller particle composition. It has also
been demonstrated that a more pronounced water retention in soil
significantly affects soil enzyme activity by increasing the diffusion of
enzymes (Holz et al., 2019), which is beneficial for plant nutrient
acquisition. Nevertheless, the prolonged duration of stress gradually
diminished photosystem efficiency in both substrates, concurrently
compromising the concentration of chlorophyll b within the leaves.
Consequently, Arbequina endeavored to safeguard photosynthetic ac-
tivity efficiency by fortifying the protection of photosystems through
reactive oxygen species (ROS) metabolism and excess energy dissipation
in response to high salinity irrigation. This was achieved through an
elevation in the leaf concentration of carotenoids and some antioxidant
polyphenols; the former phenomenon was more prominent in AS plants,
while the latter occurred to a greater extent in AP plants. The natural
shielding effect of peat-based substrate on the roots against the delete-
rious impact of toxic ions, such as sodium and chloride, coupled with the
ready availability of water and nutrients, substantially contributed to
preserving the photosynthetic system’s efficiency. Water availability
directly impacts the uptake of essential nutrients, thus representing a
critical resource for maintaining ion homeostasis under saline condi-
tions (Tadic et al., 2021). In this view, different substrates can create
varying water and nutrient availability conditions, affecting the plant’s
ability to cope with salt stress. The choice of substrate is then a factor
that can lead to variations in the salt stress response among different
olive cultivars. For instance, the rooting potential of olive cultivars
varies significantly across substrate types, which can lead to differences
in water uptake and nutrient absorption, ultimately affecting the plants’
resilience to salt stress (Villa et al., 2017). For example, substrates
amended with biochar have been shown to enhance nutrient uptake
while simultaneously reducing sodium accumulation, thereby
improving the overall salt tolerance of plants (Cakmakci et al., 2022;
Jabborova, 2023). Further studies have also shown that olive trees
grown in substrates with differing water retention capacities exhibit
distinct physiological responses to salt stress, including variations in
chlorophyll content and osmolyte accumulation (Regni et al., 2019;
Bashir et al., 2021). Therefore, it is crucial to consider the substrate used
when interpreting results from salt stress trials, as the substrate used can
significantly influence the outcome and the physiological responses
observed in olive cultivars. This knowledge can be useful also for the
preparation of growth media in commercial olive cultivation, where
optimizing substrate conditions can enhance plant resilience to salinity
and improve overall yield (Aragiiés et al., 2010).

According to Sodini et al. (2023) Fv/Fm data do not appear signifi-
cantly affected by NaCl treatments. Fv/Fm> 0.8 is considered as being
indicative of a healthy photosystem II, and the higher values of electron
transport rate (ETR) and Fv’/Fm’ in AS compared with AP affirmed the
prior assumptions.

Furthermore, the sodium concentration in AP exceeded that in AS.
Consistent with Tattini et al. (1992), the olive tree’s capacity to alleviate
salt stress is intricately connected to the diverse abilities of roots to
exclude sodium. In this instance, this mechanism was significantly
reinforced by the buffering effect of the peat. Additionally, our obser-
vations revealed that peat enhanced potassium efflux compared with
perlite. Increased potassium efflux appears to be employed as a strategic
measure to curtail sodium penetration in both aerial parts and roots of
the plants, aligning with the findings of Lutts et al. (1996), Pandolfi et al.
(2017) and Tabatabaei (2006).

As a defence mechanism against oxidative stress triggered by reac-
tive oxygen species (ROS) activity, olive trees are adept at generating
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various molecules, including the polyphenols MDA and proline. The role
of MDA as a marker for identifying damages to photosynthetic ma-
chinery has been rereported in work by Sofo and coworkers (2004) in
olive trees under drought stress conditions or more recently in the
manuscript by Lima-Cabello et al. (2023), where Arbequina showed an
increase in MDA content under stress, which is in agreement with our
results for both substrates. Proline, identified as a secondary metabolite
in numerous plants, compensates for osmotic imbalances within cells. Its
multifaceted role encompasses deactivating singlet oxygen through
physical quenching (Matysik et al., 2002). As a protein-compatible
hydrotrope, proline mitigates cytoplasmic acidosis and helps to main-
tain favorable NADP+/NADPH ratios. This contributes to sustaining
electron transport between photosynthetic centers, thereby minimizing
damage to the photosynthetic apparatus (Hare and Cress, 1997; Sharma
and Verslues, 2010). In recent years, the role of proline in olive tree
responses to salinity has been investigated (Boulaem et al., 2019), where
the stress increased proline production in cultivar Sigoise, thus sug-
gesting a role in the osmotic regulation of cytoplasmic pH. Ayaz et al.
(2021) investigated the role of proline in three Turkish olive cultivars
and confirmed its role in mitigating the salinity stress effect.

A general increase in proline content was reported in AP and AS,
although, in the case of AP, significant proline production was observed
only after exposure to high salt concentrations. This observation sug-
gests that AP experienced a pronounced osmotic imbalance, likely
attributed to the elevated sodium concentration within the leaves.
Consequently, it can be inferred that proline production may be
genotype-specific and, furthermore, may occur only when the osmotic
potential within the leaves surpasses a certain threshold. Conversely,
our findings are not in agreement with those reported in the manuscript
by Regni et al. (2019), where four olive tree cultivars (Arbequina,
Koroneiki, Royal de Cazorla and Fadak 86) were studied in salinity stress
conditions over a lengthy time period. The authors described that the
proline content decreased in response to stress and was not affected by
stress duration (180, 210 and 240 days), thus indicating that it does act
as compatible osmolite in counteracting the stress effect. This discrep-
ancy may be explained by the applied NaCl doses, stress duration, and
the different methods used for proline determination (colourimetric or
HPLC-based).

Total flavonoid content rises in AS and AP with a similar trend,
despite it appearing to be slightly more consistent in AS samples with
respect to AP, mostly in the 200 mM NaCl treatment. This increase may
be correlated to the upregulation of genes involved in the phenyl-
propanoid pathway, as reported in the manuscript by Rossi et al. (2016).
Also, our results are in agreement with those reported in the paper by
Demir and coworkers (2020), where the increase in flavonoid contents
reported in three Turkish cultivars under salinity stress was not followed
by a comparable increase in total polyphenolic content.

The enhanced production of polyphenols within the leaves is notably
pronounced in the perlite substrates, likely attributable to the unique
characteristics of this substrate, as previously described. Additionally,
we observed an increase in oleuropein, a compound pivotal in miti-
gating oxidative damage in olive leaves, particularly in AS subjected to
200 mM of NaCl. Oleuropein also functions as a reserve substitute for
sugars, balancing osmotic imbalances within root cells (Petridis et al.,
2012). Mechri and colleagues proposed that the augmented production
of hydroxytyrosol is strongly linked to limited water availability of
plants (Mechri et al., 2020). This phenomenon was not observed here for
AP and AS plants experiencing salt stress. Conversely, a significant
reduction in hydroxytyrosol levels was observed in AP plants exposed to
100 mM NaCl but not to 200 mM NaCl. The reason behind this
discrepancy remains unknown, with possibilities including an inverse
relationship between hydroxytyrosol and luteolin levels or salt con-
centration values being too high to determine augmented metabolite
production.

In the present study, leaf quercetin levels did not change significantly
in plants grown on either substrate under salt stress, which is in
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agreement with previous observations (Rossi et al., 2016). Quercetin
positively affects the K'/Na™ ratio and can act as an activator of the
SOS1 Na™/H' exchanger, favouring sodium efflux from the leaf meso-
phyll of AP-grown plant (Ismail et al., 2015; Parvin et al., 2019).
Conversely, luteolin plays a role in alleviating the harmful effects of salt
stress by enhancing water uptake and stimulating a-amylase for
increased soluble sugars in the leaves. This leads to a reduction in the
expression of SOD and CAT enzymes, subsequently decreasing the levels
of free radicals responsible for oxidative stress (El-Shafey and AbdEIl-
gawad, 2012). The heightened production of both polyphenols under
100 mM NaCl suggests Arbequina attempts to restrict the damage and
adapt to hostile conditions, limiting the scavenging effects of ROS.
However, under 200 mM NaCl, it appears that the plants may prioritize
conserving energy, directing their limited resources towards preserving
photosystem activity and producing specific antioxidants like
oleuropein.

In the present study, we also investigated the potential interaction
between the endophytic bacteria community in plants, the ground
substrate (perlite or peat) and the saltwater treatments. Additionally, we
noticed that water availability and cation exchange capacity did not
significantly influence the bacterial composition inside the leaves, as the
bacterial profiles did not differ between AS and AP grown plants. On the
contrary, the bacterial community was altered by variations of salt
concentration. In particular, we observed a significant decrease of
Pseudomonas genus and a significant increase of the Burkholderia genus
in both AP and AS plants challenged with 100 mM NaCl but not 200 mM
NaCl (Fig. 8). Earlier studies have investigated the possible mutualistic
role of these various bacterial groups in plants subjected to saline stress.
The potential role of PGPM (plant growth-promoting microorganisms)
in mitigating the effect of salinity stress in crops and woody plants has
already been investigated (Cardoni et al., 2023; Kumar et al., 2020).
However, it is worth noting that this particular study attempted to use
two olive-associated Pseudomonas sp. rhizobacteria strains synthesizing
1-aminocyclopropane-1-carboxylic acid deaminase (ACD). This enzyme
degrades 1-aminocyclopropane 1-carboxylic Acid (ACC), thus reducing
stress-induced ethylene in host plants and preventing increased salinity
tolerance in young olive trees of Picual cultivar (Montes-Osuna et al.,
2021). Jha et al. (2011) confirmed that P. pseudoalcaligenes could induce
the accumulation of glycine betaine and reduce proline production in
the early growth rate of Oryza sativa subjected to saline irrigation.

Conversely, the role of species belonging to Burkholderia genus in
colonizing host plants is well documented (Pal et al., 2022), like Bur-
kholderia phytofirmans PsJN which has been demonstrated to promote
growth and yield in a halophytic species like quinoa (Yang et al., 2020),
by triggering gene expression responses to salinity stress in Arabidopsis
thaliana (Pinedo et al., 2015). Akhtar and coworkers (2015) studied the
effects of two endophytic bacteria, B. phytofirmans PsJN and Enterobacter
sp. FD17, in mitigating salinity stress according to ACC-deaminase and
exopolysaccharide production. Bacterial inoculation using biochar as a
carrier can lead to a drop in Na™ uptake in maize plants under elevated
salinity conditions by maintaining nutrient balance or by improving iron
nutrition with a drop of oxidative stress reduction in quinoa plants
grown in saline soils (Naveed et al., 2020).

Nevertheless, the physiological reason behind the observed reduc-
tion of the taxa mentioned above with 100 mM NacCl but not 200 mM
NaCl is unclear and, here, not easily explained. As previously done, we
can simply hypothesize that an increase of osmotic potential and a
stomatal closure might drastically reduce the xylem efflux inside the
leaves, thus affecting the composition of the corresponding bacterial
community (Vita et al., 2022) by affecting the role of potential PGPMs,
like Burkholderia sp., which are also involved in the accumulation of
osmolytes and antioxidants (Vaishnav et al., 2019) until the host os-
motic imbalance becomes unchallenging. However, the capacity of olive
trees to maintain a sufficient water content can lead to preserving bac-
terial niche inside the leaf’s petioles despite the high sodium concen-
tration inside the leaves. Moreover, this salt concentration-dependent
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effect could be in principle related to the corresponding high production
of specific polyphenols, such as rutin, oleuropein, verbascoside and
luteolin, which could inhibit the multiplication of specific bacteria
belonging to the Pseudomonas genus, as it was widely demonstrated
under in vitro conditions (Borjan et al., 2020; Pereira et al., 2007).

Conclusion

The present study offers a comprehensive description of olive trees
grown under conditions varying in water availability and cation ex-
change capacity and experiencing diverse salinity stress conditions. A
multidisciplinary approach using physiological data coupled with
biochemical analyses, metabolomics, and metagenomics allowed us to
describe the different adaptation strategies used to counteract the effects
of osmotic stress. Differences in biometric parameters occurred mainly
in plants grown under limited water availability due to reduced reten-
tion of the media in stress and non-stress conditions, with marked dif-
ferences in fresh weight rather than dry weight of analyzed plants. The
same trend was also depicted for pigments, ions and metabolomic pro-
files, where the general trend indicates that greater cation exchange
capacity and higher organic content buffer the osmotic imbalance due to
salinity as a consequence of the reduced efficiency of the photosynthetic
machinery according to gas exchange data. Metabarcoding results
indicated that the stress condition was more significant in determining
an alteration of the microbiota composition than the properties of the
growth media, with intermediate challenging conditions (100 mM NaCl)
being more suitable and more rapid for plant adaptation to saline stress
in both substrate conditions. Lastly, the overall data indicate that the
used substrate can significantly impact the response to osmotic stress.
This may require a thorough review of the information from previous
studies. Variation in physiological and metabolomic data may be the
result of both substrate and the level of salinity stress imposed,
depending on the adaptation of the root system to different growth
conditions. Our data indicate that the properties of the substrate used
often represent under-estimated key factors in plant response to salinity
in that they may be involved in mitigating the effects of stress. Also,
using PGPMs inoculated along with substrate could represent a prom-
ising option for strengthening plant defences and increasing nutrient
uptake from soil.

CRediT authorship contribution statement

Marzia Vergine: Writing — review & editing, Writing — original draft,
Validation, Methodology, Investigation, Formal analysis, Data curation.
Emily Rose Palm: Writing — review & editing, Validation, Investigation,
Formal analysis. Anna Maria Salzano: Writing — review & editing,
Visualization, Investigation, Formal analysis, Data curation. Carmine
Negro: Investigation. Werther Guidi Nissim: Writing — review &
editing, Formal analysis, Conceptualization. Leonardo Sabbatini:
Formal analysis, Conceptualization. Raffaella Balestrini: Writing —
review & editing, Visualization, Supervision, Project administration,
Methodology. Maria Concetta de Pinto: Writing — review & editing,
Visualization, Validation. Nunzio Dipierro: Writing — review & editing,
Validation. Gholamreza Gohari: Validation, Supervision, Resources,
Investigation. Vasileios Fotopoulos: Writing — review & editing,
Writing - original draft, Validation, Supervision, Methodology, Funding
acquisition. Stefano Mancuso: Project administration, Funding acqui-
sition. Andrea Luvisi: Writing — review & editing, Supervision, Re-
sources. Luigi De Bellis: Writing — review & editing, Supervision,
Resources, Project administration, Funding acquisition. Andrea Sca-
loni: Supervision, Resources, Project administration, Funding acquisi-
tion. Federico Vita: Writing — review & editing, Writing — original draft,
Visualization, Validation, Supervision, Software, Resources, Project
administration, Investigation, Formal analysis, Data curation,
Conceptualization.



M. Vergine et al.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was supported with funds from: i) Fondazione Caripit,
Grant/Award Number: 2018.0527 to FV; ii) PRIN 2022 funded by the
European Union-Next-Generation EU, CUP H53D23003320001, grant
number 2022RYTHE3 to FV; iii) PON Ricerca ed Innovazione
2014-2020, azione II, PON ARS01_01136 for the project "E-Crops —
Tecnologie per un’ Agricoltura Digitale e Sostenibile" to AS; iv) Agritech
National Research Center funded within the European Union NextGe-
nerationEU program for the National Recovery and Resilience Plan,
mission 4, component 2, investment 1.4 — D.D. 1032 published on 17/
06/2022, project CN00000022; PRIN 2022 PNRR funded by the Euro-
pean Union-Next-Generation EU, CUP F53D23011860001 to LDB. This
manuscript reflects only the authors’ views and opinions; neither the
European Union nor European Commission can be considered respon-
sible for them.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.stress.2024.100648.

Data availability

The data that supports the findings of this study are available in the
Supporting Information.

References

Akhtar, S.S., Andersen, M.N., Naveed, M., Zahir, Z.A., Liu, F., 2015. Interactive effect of
biochar and plant growth-promoting bacterial endophytes on ameliorating salinity
stress in maize. Funct. Plant Biol. 42 (8), 770-781.

Aragiiés, R., Castillo, M.G., Royo, A., 2010. Five-year growth and yield response of two
young olive cultivars (Olea Europaea L., Cvs. Arbequina and Empeltre) to soil
salinity. Plant Soil. 334 (1-2), 423-432. https://doi.org/10.1007/s11104-010-0393-
3.

Arndt, D., Xia, J., Liu, Y., Zhou, Y., Guo, A.C., Cruz, J.A., Sinelnikov, L., Budwill, K.,
Nesbg, C.L., Wishart, D.S., 2012. METAGENassist: a comprehensive web server for
comparative metagenomics. Nucleic. Acids. Res. 40, 88-95. https://doi.org/
10.1093/nar/gks497.

Ayaz, M., Varol, N., Yolcu, S., Pelvan, A., Kaya, U., Aydogdu, E., Bor, M., Ordemir, F.,
Tiirkan, I., 2021. Three (Turkish) olive cultivars display contrasting salt stress-coping
mechanisms under high salinity. Trees 35, 1283-1298.

Bashir, M.A., Silvestri, C., Coppa, E., Brunori, E., Cristofori, V., Rugini, E., Ahmad, T.,
Hafiz, I.A., Abbasi, N.A., Shah, M.K.N., Astolfi, S., 2021. Response of olive shoots to
salinity stress suggests the involvement of sulfur metabolism. Plants 10 (2), 1-19.
https://doi.org/10.3390/plants10020350.

Bates, L.S., Waldren, R.P., Teare, 1.D., 1973. Rapid determination of free proline for
water-stress studies. Plant Soil. 39, 205-207. https://doi.org/10.1007/BF00018060.

Bazihizina, N., Vita, F., Balestrini, R., Kiferle, C., Caparrotta, S., Ghignone, S., Atzori, G.,
Mancuso, S., Shabala, S., 2022. Early signalling processes in roots play a crucial role
in the differential salt tolerance in contrasting Chenopodium quinoa accessions.

J. Exp. Bot. 73, 292-306. https://doi.org/10.1093/jxb/erab388.

Ben Abdallah, S., Elfkih, S., Suarez-Rey, E.M., Parra-Lopez, C., Romero-Gamez, M., 2021.
Evaluation of the environmental sustainability in the olive growing systems in
Tunisia. J. Clean. Prod. 282. https://doi.org/10.1016/j.jclepro.2020.124526.

Benzie, L.F., Strain, J.J., 1996. The ferric reducing ability of plasma (FRAP) as a measure
of "antioxidant power": the FRAP assay. Anal Biochem. 15, 70-76. https://doi.org/
10.1006/abio.1996.0292. PMID: 8660627.

Besnard, G., Terral, J.F., Cornille, A., 2018. Erratum: on the origins and domestication of
the olive: a review and perspectives (Annals of Botany DOI: 10.1093/aob/mcx145).
Ann. Bot. 121, 587-588. https://doi.org/10.1093/A0B/MCY002.

Borjan, D., Leitgeb, M., Knez, 7., Hrnéi¢, M.K., 2020. Microbiological and antioxidant
activity of phenolic compounds in olive leaf extract. Molecules. 25, 5946.

Boualem, S., Boutaleb, F., Ababou, A., Gacem, F., 2019. Effect of salinity on the
physiological behavior of the olive tree (variety sigoise). J. Fundam. Appl. Sci. 11,
525-538.

Boussadia, O., Zgallai, H., Mzid, N., Zaabar, R., Braham, M., Doupis, G., Koubouris, G.,
2023. Physiological responses of two olive cultivars to salt stress. Plants 12, 1926.

18

Plant Stress 14 (2024) 100648

Brito, C., Dinis, L.T., Moutinho-Pereira, J., Correia, C.M., 2019. Drought stress effects and
olive tree acclimation under a changing climate. Plants 8, 232.

Cakmakei, T., Cakmakeci, O., Sahin, U., 2022. The effect of biochar amendment on
physiological and biochemical properties and nutrient content of lettuce in saline
water irrigation conditions. TURJAF 10 (12), 2560-2570.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J., Holmes, S.P.,
2016. DADAZ2: high-resolution sample inference from Illumina amplicon data. Nat.
Methods 13, 581-583. https://doi.org/10.1038/nmeth.3869.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A.,
Turnbaugh, P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity
at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U S. A 108,
4516-4522. https://doi.org/10.1073/pnas.1000080107.

Cardoni, M., Mercado-Blanco, J., 2023. Confronting stresses affecting olive cultivation
from the holobiont perspective. Front. Plant Sci. 14, 1261754.

Chartzoulakis, K., Loupassaki, M., Bertaki, M., Androulakis, I., 2002. Effects of NaCl
salinity on growth, ion content and CO assimilation rate of six olive cultivars. Sci.
Hortic. (Amsterdam) 96, 235-247. https://doi.org/10.1016/50304-4238(02)00067-
5.

Chong, J., Liu, P., Zhou, G., Xia, J., 2020. Using MicrobiomeAnalyst for comprehensive
statistical, functional, and meta-analysis of microbiome data. Nat. Protoc. 15,
799-821. https://doi.org/10.1038/541596-019-0264-1.

Daliakopoulos, L.N., Tsanis, I.K., Koutroulis, A., Kourgialas, N.N., Varouchakis, A.E.,
Karatzas, G.P., Ritsema, C.J., 2016. The threat of soil salinity: a European scale
review. Sci. Total. Environ. 573, 727-739. https://doi.org/10.1016/j.
scitotenv.2016.08.177.

Demir, S., Cetinkaya, H., 2020. Effects of saline conditions on polyphenol and protein
content and photosynthetic response of different olive (Olea europaea L.) cultivars.
Appl. Ecol. Environ. Res. 18, 2599-2610.

Diez, C.M., Trujillo, I., Martinez-Urdiroz, N., Barranco, D., Rallo, L., Marfil, P., Gaut, B.S.,
2015. Olive domestication and diversification in the Mediterranean Basin. New.
Phytol. 206, 436-447. https://doi.org/10.1111/nph.13181.

Edwards, K., Johnstone, C., Thompson, C., 1991. A simple and rapid method for the
preparation of plant genomic DNA for PCR analysis. Nucleic Acids Res. 19, 1349.
https://doi.org/10.1093/nar/19.6.1349.

El-Shafey, N.M., AbdElgawad, H., 2012. Luteolin, a bioactive flavone compound
extracted from Cichorium endivia L. subsp. divaricatum alleviates the harmful effect of
salinity on maize. Acta Physiol. Plant 34, 2165-2177. https://doi.org/10.1007/
s11738-012-1017-8.

Farinelli, D., Tombesi, S., 2015. Performance and oil quality of “Arbequina” and four
Italian olive cultivars under super high density hedgerow planting system cultivated
in central Italy. Sci. Hortic. (Amsterdam) 192, 97-107. https://doi.org/10.1016/j.
scienta.2015.04.035.

Fields, J.S., Fonteno, W.C., Jackson, B.E., Heitman, J.L., Owen Jr., J.S., 2014.
Hydrophysical properties, moisture retention, and drainage profiles of wood and
traditional components for greenhouse substrates. HortScience 49 (6), 827-832.

Flowers, T.J., Colmer, T.D., 2015. Plant salt tolerance: adaptations in halophytes. Ann.
Bot. 115, 327-331. https://doi.org/10.1093/aob/mcu267.

Flowers, T.J., Colmer, T.D., 2008. Salinity tolerance in halophytes. New. Phytol. 179,
945-963. https://doi.org/10.1111/j.1469-8137.2008.02531.x.

Fu, S., Arrdez-Roman, D., Segura-Carretero, A., Menéndez, J.A., Menéndez-Gutiérrez, M.
P., Micol, V., Fernandez-Gutiérrez, A., 2010. Qualitative screening of phenolic
compounds in olive leaf extracts by hyphenated liquid chromatography and
preliminary evaluation of cytotoxic activity against human breast cancer cells. Anal.
Bioanal. Chem. 397, 643-654. https://doi.org/10.1007/500216-010-3604-0.

Gucci, R., Lombardini, L., Tattini, M., 1997. Analysis of leaf water relations in leaves of
two olive (Olea europaea) cultivars differing in tolerance to salinity. Tree Physiol. 17,
13-21. https://doi.org/10.1093/treephys/17.1.13.

Gucci, R., Tattini, M., 2010. Salinity Tolerance in Olive. Hortic. Rev. (Am. Soc. Hortic.
Sci) 21, 177-214. https://doi.org/10.1002/9780470650660.ch6.

Guidi Nissim, W., Palm, E., Pandolfi, C., Mancuso, S., Azzarello, E., 2021. Willow and
poplar for the phyto-treatment of landfill leachate in Mediterranean climate.

J. Environ. Manag 277, 111454.

El Yamani, M., Cordovilla, M.D.P., 2024. Tolerance mechanisms of olive tree (Olea
europaea) under saline conditions. Plants 13 (15), 2094.

Hare, P.D., Cress, W.A., 1997. Metabolic implications of stress-induced proline
accumulation in plants. Plant Growth Regul. 21, 79-102. https://doi.org/10.1023/
A:1005703923347.

Hassan, L.F., Maybelle, G., Bedour, A.L., Proietti, P., Regni, L., 2020. Salinity stress effects
on three different olive cultivars and the possibility of their cultivation in reclaimed
lands. Plant Arch. 20, 2378-2382.

Himabindu, Y., Chakradhar, T., Reddy, M.C., Kanygin, A., Redding, K.E.,
Chandrasekhar, T., 2016. Salt-tolerant genes from halophytes are potential key
players of salt tolerance in glycophytes. Environ. Exp. Bot. 124, 39-63.

Hoagland, D.R., Arnon, D.I., 1950. The water-culture method for growing plants without
soil. Circular. California agricultural experiment station, 347(2nd edit).

Holz, M., Zarebanadkouki, M., Carminati, A., Hovind, J., Kaestner, A., Spohn, M., 2019.
Increased water retention in the rhizosphere allows for high phosphatase activity in
drying soil. Plant Soil. 443, 259-271.

Ismail, H., Maksimovi¢, J.D., Maksimovié, V., Shabala, L., Zivanovi¢, B.D., Tian, Y.,
Jacobsen, S.E., Shabala, S., 2015. Rutin, a flavonoid with antioxidant activity,
improves plant salinity tolerance by regulating K" retention and Na™ exclusion from
leaf mesophyll in quinoa and broad beans. Funct. Plant Biol. 43, 75-86.

Jabborova, D., Abdrakhmanov, T., Jabbarov, Z., Abdullaev, S., Azimov, A., Mohamed, I.,
AlHarbi, M., Abu-Elsaoud, A., Elkelish, A., 2023. Biochar improves the growth and
physiological traits of alfalfa, amaranth and maize grown under salt stress. PeerJ. 11,
e€15684.


https://doi.org/10.1016/j.stress.2024.100648
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0001
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0001
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0001
https://doi.org/10.1007/s11104-010-0393-3
https://doi.org/10.1007/s11104-010-0393-3
https://doi.org/10.1093/nar/gks497
https://doi.org/10.1093/nar/gks497
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0004
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0004
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0004
https://doi.org/10.3390/plants10020350
https://doi.org/10.1007/BF00018060
https://doi.org/10.1093/jxb/erab388
https://doi.org/10.1016/j.jclepro.2020.124526
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1093/AOB/MCY002
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0011
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0011
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0012
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0012
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0012
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0013
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0013
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0014
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0014
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0015
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0015
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0015
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1073/pnas.1000080107
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0018
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0018
https://doi.org/10.1016/S0304-4238(02)00067-5
https://doi.org/10.1016/S0304-4238(02)00067-5
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1016/j.scitotenv.2016.08.177
https://doi.org/10.1016/j.scitotenv.2016.08.177
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0022
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0022
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0022
https://doi.org/10.1111/nph.13181
https://doi.org/10.1093/nar/19.6.1349
https://doi.org/10.1007/s11738-012-1017-8
https://doi.org/10.1007/s11738-012-1017-8
https://doi.org/10.1016/j.scienta.2015.04.035
https://doi.org/10.1016/j.scienta.2015.04.035
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0027
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0027
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0027
https://doi.org/10.1093/aob/mcu267
https://doi.org/10.1111/j.1469-8137.2008.02531.x
https://doi.org/10.1007/s00216-010-3604-0
https://doi.org/10.1093/treephys/17.1.13
https://doi.org/10.1002/9780470650660.ch6
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0034
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0034
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0034
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0035
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0035
https://doi.org/10.1023/A:1005703923347
https://doi.org/10.1023/A:1005703923347
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0037
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0037
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0037
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0038
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0038
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0038
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0039
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0039
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0040
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0040
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0040
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0041
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0041
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0041
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0041
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0042
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0042
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0042
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0042

M. Vergine et al.

Jackson, D.K., 1974. Some characteristics of perlite as an experimental growth medium.
Plant Soil. 40, 161-167. https://doi.org/10.1007/BF00011418.

Jha, Y., Subramanian, R.B., Patel, S., 2011. Combination of endophytic and rhizospheric
plant growth promoting rhizobacteria in Oryza sativa shows higher accumulation of
osmoprotectant against saline stress. Acta Physiol. Plant 33, 797-802.

Kapulnik, Y., Tsror, L., Zipori, I., Hazanovsky, M., Wininger, S., Dag, A., 2010. Effect of
AMF application on growth, productivity and susceptibility to Verticillium wilt of
olives grown under desert conditions. Symbiosis 52, 103-111.

Khondoker, M., Mandal, S., Gurav, R., Hwang, S., 2023. Freshwater shortage, salinity
increase, and global food production: a need for sustainable irrigation water
desalination—a scoping review. Earth 4, 223-240. https://doi.org/10.3390/
earth4020012.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., Glockner, F.O.,
2013. Evaluation of general 16S ribosomal RNA gene PCR primers for classical and
next-generation sequencing-based diversity studies. Nucleic. Acids. Res. 41, 1-11.
https://doi.org/10.1093/nar/gks808.

Kumar, A., Singh, S., Gaurav, A.K., Srivastava, S., Verma, J.P., 2020. Plant growth-
promoting bacteria: biological tools for the mitigation of salinity stress in plants.
Front. Microbiol. 11, 1216.

Leinonen, R., Sugawara, H., Shumway, M., 2011. The sequence read archive. Nucleic.
Acids. Res. 39, 2010-2012. https://doi.org/10.1093/nar/gkq1019.

Levin, A.G., Lavee, S., Tsror, L., 2007. The influence of salinity on Verticillium dahliae in
stem cuttings of five olive cultivars. J. Phytopathol. 155, 587-592.

Liesche, J., Pace, M.R., Xu, Q., Li, Y., Chen, S., 2017. Height-related scaling of phloem
anatomy and the evolution of sieve element end wall types in woody plants. New.
Phytol. 214, 245-256. https://doi.org/10.1111/nph.14360.

Lima Cabello, E., de Torres, S., Torrellas Lopez, E., Medina-Correa, C., Leén, 1.,
Bejarano, P., Rueda-Guzman, E., de la Fuente, E., Soto-Pascual, A., Salas-

Sanchez, M., Gazquez, E., Castro, A.J., Alché, J.D., 2023. Resilience of olive tree
cultivars to intensive salt stress. High Sch. Stud. Agric. Sci. Res. 12, 66-76.

Llanes, A., Palchetti, M.V., Vilo, C., Ibanez, C., 2021. Molecular control to salt tolerance
mechanisms of woody plants: recent achievements and perspectives. Ann. For. Sci.
78. https://doi.org/10.1007/s13595-021-01107-7.

Lambardi, M., Fabbri, A., Micheli, M., Vitale, A., 2023. Olive Propagation and Nursery.
The Olive Botany and Production. CABI, Wallingford, UK, pp. 228-256. Fabbri, A.,
Baldoni, L., Caruso, T., Famiani, F., Eds.

Lépez-Hidalgo, C., Meijon, M., Lamelas, L., Valledor, L., 2021. The rainbow protocol: a
sequential method for quantifying pigments, sugars, free amino acids, phenolics,
flavonoids and MDA from a small amount of sample. Plant Cell Environ. 44,
1977-1986. https://doi.org/10.1111/pce.14007.

Loreto, F., Centritto, M., Chartzoulakis, K., 2003. Photosynthetic limitations in olive
cultivars with different sensitivity to salt stress. Plant Cell Environ. 26, 595-601.

Loupassaki, M.H., Chartzoulakis, K.S., Digalaki, N.B., Androulakis, L.I., 2002. Effects of
salt stress on concentration of nitrogen, phosphorus, potassium, calcium,
magnesium, and sodium in leaves, shoots, and roots of six olive cultivars. J. Plant
Nutr. 25, 2457-2482. https://doi.org/10.1081/PLN-120014707.

Lozano-Sanchez, J., Segura-Carretero, A., Menendez, J.A., Oliveras-Ferraros, C.,
Cerretani, L., Ferndndez-Gutiérrez, A., 2010. Prediction of extra virgin olive oil
varieties through their phenolic profile. Potential cytotoxic activity against human
breast cancer cells. J. Agric. Food Chem. 58, 9942-9955. https://doi.org/10.1021/
jf101502q.

Lutts, S., Kinet, J.M., Bouharmont, J., 1996. NaCl-induced senescence in leaves of rice
(Oryza sativa L.) cultivars differing in salinity resistance. Ann. Bot. 78, 389-398.
https://doi.org/10.1006/anbo.1996.0134.

Mabhjoor, F., Ghaemi, A.A., Golabi, M.H., 2016. Interaction effects of water salinity and
hydroponic growth medium on eggplant yield, water-use efficiency, and
evapotranspiration. Int. Soil Water Conserv. 4 (2), 99-107.

Markoska, V., Velibor, S., Kiril Lisichkov, K.A., Rubin, G., 2018. Determination of water
retention characteristics of perlite and peat. Agric. Forestry/Poljoprivreda i sumarstv
64, 3.

Maas, E.V,, Grattan, S.R., 2015. Crop yields as affected by salinity. Agric. Drain 38,
55-108. https://doi.org/10.1002/9780891182306.ch03.

Matysik, J., Alia, Bhalu, B., Mohanty, P., 2002. Molecular mechanisms of quenching of
reactive oxygen species by proline under stress in plants. Curr. Sci. 525-532.

Mechri, B., Tekaya, M., Hammami, M., Chehab, H., 2020. Effects of drought stress on
phenolic accumulation in greenhouse-grown olive trees (Olea europaea). Biochem.
Syst. Ecol. 92, 104112.

Melgar, J., Benlloch, M., Fernandez-Escobar, R., 2006. Calcium increases sodium
exclusion in olive plants. Sci. Hortic. 109, 303-305.

Montes-Osuna, N., Gomez-Lama Cabands, C., Valverde-Corredor, A., Legarda, G.,
Prieto, P., Mercado-Blanco, J., 2021. Evaluation of indigenous olive biocontrol
rhizobacteria as protectants against drought and salt stress. Microorganisms. 9,
1209.

Mousavi, S., Mariotti, R., Valeri, M.C., Regni, L., Lilli, E., Albertini, E., Proietti, P.,
Businelli, D., Baldoni, L., 2022. Characterization of differentially expressed genes
under salt stress in olive. Int. J. Mol. Sci. 23. https://doi.org/10.3390/
ijms23010154.

Mousavi, S., Regni, L., Bocchini, M., Mariotti, R., Cultrera, N.G.M., Mancuso, S.,
Googlani, J., Chakerolhosseini, M.R., Guerrero, C., Albertini, E., Baldoni, L.,
Proietti, P., 2019. Physiological, epigenetic and genetic regulation in some olive
cultivars under salt stress. Sci. Rep. 9 1-17. https://doi.org/10.1038/5s41598-018-
37496-5.

Munns, R., Tester, M., 2008. Mechanisms of salinity tolerance. Annu Rev. Plant Biol. 59,
651-681. https://doi.org/10.1146/annurev.arplant.59.032607.092911.

Naveed, M., Ramzan, N., Mustafa, A., Samad, A., Niamat, B., Yaseen, M., Ahmad, Z.,
Hasanuzzaman, M., Sun, N., Shi, W., Xu, M., 2020. Alleviation of salinity induced

19

Plant Stress 14 (2024) 100648

oxidative stress in Chenopodium quinoa by Fe biofortification and
biochar—Endophyte interaction. Agronomy 10 (2), 168.

Ondrasek, G., Rathod, S., Manohara, K.K., Gireesh, C., Anantha, M.S., Sakhare, A.S.,
Parmar, B., Yadav, B.K., Bandumula, N., Raihan, F., Zielinska-Chmielewska, A.,
Merino-Gergichevich, C., Reyes-Diaz, M., Khan, A., Panfilova, O., Seguel
Fuentealba, A., Romero, S.M., Nabil, B., Wan, C.C., Shepherd, J., Horvatinec, J.,
2022. Salt stress in plants and mitigation approaches. Plants 11, 717. https://doi.
org/10.3390/plants11060717. PMID: 35336599; PMCID: PMC8950276.

Pal, G., Saxena, S., Kumar, K., Verma, A., Sahu, P.K., Pandey, A., Pandey, A., White, J.F.,
Verma, S.K., 2022. Endophytic Burkholderia: multifunctional roles in plant growth
promotion and stress tolerance. Microbiol. Res. 265, 127201.

Palm, E.R., Salzano, A.M., Vergine, M., Negro, C., Guidi Nissim, W., Sabbatini, L.,
Balestrini, R., de Pinto, M.C., Fortunato, S., Gohari, G., Mancuso, S., Luvisi, A., De
Bellis, L., Scaloni, A., Vita, F., 2024. Response to salinity stress in four Olea europaea
L. genotypes: a multidisciplinary approach. Environ. Exp. Bot. 218, 105586. https://
doi.org/10.1016/j.envexpbot.2023.105586.

Pandolfi, C., Bazihizina, N., Giordano, C., Mancuso, S., Azzarello, E., 2017. Salt
acclimation process: a comparison between a sensitive and a tolerant Olea europaea
cultivar. Tree Physiol. 37, 380-388. https://doi.org/10.1093/treephys/tpw127.

Parvin, K., Hasanuzzaman, M., Borhannuddin Bhuyan, M.H.M., Mohsin, S.M., Fujita, M.,
2019. Quercetin mediated salt tolerance in tomato through the enhancement of plant
antioxidant defense and glyoxalase systems. Plants 8, 1-20. https://doi.org/
10.3390/plants8080247.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,

Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos, A.,
Cournapeau, D., Brucher, M., Perrot, M., Duchesnay, E., 2011. Scikit-learn: machine
learning in Python. J. Mach. Learn. Res. 12, 2825-2830.

Pereira, A.P., Ferreira, 1.C., Marcelino, F., Valentao, P., Andrade, P.B., Seabra, R.,
Estevinho, L., Bento, A., Pereira, J.A., 2007. Phenolic compounds and antimicrobial
activity of olive (Olea europaea L. Cv. Cobrancosa) leaves. Molecules. 26, 1153-1162.
https://doi.org/10.3390/12051153.

Petridis, A., Therios, 1., Samouris, G., Koundouras, S., Giannakoula, A., 2012. Effect of
water deficit on leaf phenolic composition, gas exchange, oxidative damage and
antioxidant activity of four Greek olive (Olea europaea L.) cultivars. Plant Physiol.
Biochem. 60, 1-11.

Pinedo, I., Ledger, T., Greve, M., Poupin, M.J., 2015. Burkholderia phytofirmans PsJN
induces long-term metabolic and transcriptional changes involved in Arabidopsis
thaliana salt tolerance. Front. Plant Sci. 6, 466.

Quirantes-Piné, R., Zurek, G., Barrajén-Catalan, E., BdBmann, C., Micol, V., Segura-
Carretero, A., Fernandez-Gutiérrez, A., 2013. A metabolite-profiling approach to
assess the uptake and metabolism of phenolic compounds from olive leaves in SKBR3
cells by HPLC-ESI-QTOF-MS. J. Pharm. Biomed. Anal. 72, 121-126. https://doi.org/
10.1016/j.jpba.2012.09.029.

Raza, A., Javaria, T., Fakhar, A.Z., Sharif, R., Chen, H., Zhang, C., Ju, L., Fotopoulos, V.,
Siddique, K.H., Singh, R.K., Zhuang, W., 2023. Smart reprograming of plants against
salinity stress using modern biotechnological tools. Crit. Rev. Biotechnol. 43 (7),
1035-1062.

Regni, L., Del Pino, A.M., Mousavi, S., Palmerini, C.A., Baldoni, L., Mariotti, R.,
Mairech, H., Gardi, T., D’Amato, R., Proietti, P., 2019. Behavior of four olive
cultivars during salt stress. Front. Plant Sci. 10, 867.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ. 1-22. https://doi.org/10.7717 /peerj.2584,
2016.

Rossi, L., Borghi, M., Francini, A., Lin, X., Xie, D.Y., Sebastiani, L., 2016. Salt stress
induces differential regulation of the phenylpropanoid pathway in Olea europaea
cultivars Frantoio (salt-tolerant) and Leccino (salt-sensitive). J. Plant Physiol. 204,
8-15. https://doi.org/10.1016/j.jplph.2016.07.014.

Rugini, E., Baldoni, L., Muleo, R., Sebastiani, L., 2016. Compendium of Plant Genomes -
The olive Tree Genome. Springer.

Ruiz, M., Olivieri, G., Serman, F.V., 2011. Effects of Saline Stress in Two Cultivars of Olea
europea L. : ‘Arbequina’ and ‘Barnea’. In: XXVIII International Horticultural Congress
on Science and Horticulture for People (IHC2010): Olive Trends Symposium-From
the 924, pp. 117-124.

Sharma, S., Verslues, P.E., 2010. Mechanisms independent of abscisic acid (ABA) or
proline feedback have a predominant role in transcriptional regulation of proline
metabolism during low water. Plant Cell Environ. 33 (11), 1838-1851. https://doi.
org/10.1111/j.1365-3040.2010.02188.x.

Sillo, F., Vergine, M., Luvisi, A., Calvo, A., Petruzzelli, G., Balestrini, R., Mancuso, S.,
Bellis, L.De, Vita, F., 2022. Bacterial Communities in the Fruiting Bodies and
Background Soils of the White Truffle Tuber magnatum. Front. Microbiol. 13, 1-12.
https://doi.org/10.3389/fmicb.2022.864434.

Sodini, M., Astolfi, S., Francini, A., Sebastiani, L., 2022. Multiple linear regression and
linear mixed models identify novel traits of salinity tolerance in Olea europaea L. Tree
Physiol. 42, 1029-1042.

Sodini, M., Francini, A., Sebastiani, L., 2023. Early salinity response in root of salt
sensitive Olea europaea L. cv Leccino. Plant Stress 10, 100264. https://doi.org/
10.1016/j.stress.2023.100264.

Sofo, A., Dichio, B., Xiloyannis, C., Masia, A., 2004. Lipoxygenase activity and proline
accumulation in leaves and roots of olive tree in response to drought stress. Physiol.
Plant. 121, 58-65.

Taamalli, A., Abaza, L., Arrdez Roman, D., Segura Carretero, A., Fernandez Gutiérrez, A.,
Zarrouk, M., Ben Youssef, N., 2013. Characterisation of phenolic compounds by
HPLC-TOF/IT/MS in buds and open flowers of “chemlali” olive cultivar. Phytochem.
Anal. 24, 504-512. https://doi.org/10.1002/pca.2450.

Taamalli, A., Arrdez-Romdn, D., Barrajon-Cataldn, E., Ruiz-Torres, V., Pérez-Sanchez, A.,
Herrero, M., Ibanez, E., Micol, V., Zarrouk, M., Segura-Carretero, A., Ferndndez-


https://doi.org/10.1007/BF00011418
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0044
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0044
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0044
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0045
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0045
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0045
https://doi.org/10.3390/earth4020012
https://doi.org/10.3390/earth4020012
https://doi.org/10.1093/nar/gks808
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0048
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0048
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0048
https://doi.org/10.1093/nar/gkq1019
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0050
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0050
https://doi.org/10.1111/nph.14360
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0052
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0052
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0052
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0052
https://doi.org/10.1007/s13595-021-01107-7
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0054
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0054
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0054
https://doi.org/10.1111/pce.14007
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0056
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0056
https://doi.org/10.1081/PLN-120014707
https://doi.org/10.1021/jf101502q
https://doi.org/10.1021/jf101502q
https://doi.org/10.1006/anbo.1996.0134
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0060
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0060
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0060
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0061
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0061
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0061
https://doi.org/10.1002/9780891182306.ch03
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0063
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0063
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0064
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0064
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0064
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0065
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0065
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0066
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0066
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0066
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0066
https://doi.org/10.3390/ijms23010154
https://doi.org/10.3390/ijms23010154
https://doi.org/10.1038/s41598-018-37496-5
https://doi.org/10.1038/s41598-018-37496-5
https://doi.org/10.1146/annurev.arplant.59.032607.092911
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0070
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0070
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0070
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0070
https://doi.org/10.3390/plants11060717
https://doi.org/10.3390/plants11060717
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0072
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0072
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0072
https://doi.org/10.1016/j.envexpbot.2023.105586
https://doi.org/10.1016/j.envexpbot.2023.105586
https://doi.org/10.1093/treephys/tpw127
https://doi.org/10.3390/plants8080247
https://doi.org/10.3390/plants8080247
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0076
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0076
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0076
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0076
https://doi.org/10.3390/12051153
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0078
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0078
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0078
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0078
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0079
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0079
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0079
https://doi.org/10.1016/j.jpba.2012.09.029
https://doi.org/10.1016/j.jpba.2012.09.029
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0081
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0081
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0081
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0081
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0082
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0082
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0082
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.jplph.2016.07.014
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0085
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0085
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0086
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0086
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0086
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0086
https://doi.org/10.1111/j.1365-3040.2010.02188.x
https://doi.org/10.1111/j.1365-3040.2010.02188.x
https://doi.org/10.3389/fmicb.2022.864434
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0089
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0089
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0089
https://doi.org/10.1016/j.stress.2023.100264
https://doi.org/10.1016/j.stress.2023.100264
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0091
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0091
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0091
https://doi.org/10.1002/pca.2450

M. Vergine et al.

Gutiérrez, A., 2012. Use of advanced techniques for the extraction of phenolic
compounds from Tunisian olive leaves: phenolic composition and cytotoxicity
against human breast cancer cells. Food Chem. Toxicol. 50, 1817-1825. https://doi.
org/10.1016/j.fct.2012.02.090.

Tabatabaei, S.J., 2006. Effects of salinity and N on the growth, photosynthesis and N
status of olive (Olea europaea L.) trees. Sci. Hortic 104, 432-438.

Tadi¢, J., Dumici¢, G., Bratincevi¢, M.V., Vitko, S., Brkanac, S.R., 2021. Physiological and
Biochemical Response of Wild Olive (Olea europaea subsp. europaea Var. sylvestris)
to Salinity. Front. Plant Sci. 12. https://doi.org/10.3389/fpls.2021.712005.

Talhaoui, N., Gomez-Caravaca, A.M., Ledn, L., De la Rosa, R., Segura-Carretero, A.,
Fernandez-Gutiérrez, A., 2014. Determination of phenolic compounds of “Sikitita”
olive leaves by HPLC-DAD-TOF-MS. Comparison with its parents “Arbequina” and
“Picual” olive leaves. Lwt 58, 28-34. https://doi.org/10.1016/j.1wt.2014.03.014.

Talhaoui, N., Gomez-Caravaca, A.M., Roldan, C., Ledn, L., De La Rosa, R., Fernandez-
Gutiérrez, A., Segura-Carretero, A., 2015. Chemometric analysis for the evaluation of
phenolic patterns in olive leaves from six cultivars at different growth stages.

J. Agric. Food Chem. 63, 1722-1729. https://doi.org/10.1021/jf5058205.

Tattini, M., Bertoni, P., Caselli, S., 1992. Genotipic responses of olive plants to sodium
chloride. J. Plant Nutr. 15, 1467-1485. https://doi.org/10.1080/
01904169209364412.

Tattini, M., Lombardini, L., Gucci, R., 1997. The effect of NaCl stress and relief on gas
exchange properties of two olive cultivars differing in tolerance to salinity. Plant
Soil. 197, 87-93.

Tattini, M., Melgar, J.C., Traversi, M.L., 2008. Responses of Olea europaea to high
salinity: a brief-ecophysiological- review. Adv. Hortic. Sci. 22, 159-173.

Tavakkoli, E., Rengasamy, P., McDonald, G.K., 2010. The response of barley to salinity
stress differs between hydroponic and soil systems. Funct. Plant Biol. 37, 621-633.
https://doi.org/10.1071/FP09202.

Tester, M., Davenport, R., 2003. Na* tolerance and Na™ transport in higher plants. Ann.
Bot. 91, 503-527. https://doi.org/10.1093/aob/mcg058.

T6th, G., Adhikari, K., Varallyay, G., Toth, T., B4dis, K., Stolbovoy, V., 2008. Update map
of salt affected soils in the European Union. Threat Soil Qual. Eur 67-77.

Vaishnav, A., Shukla, A.K., Sharma, A., Kumar, R., Choudhary, D.K., 2019. Endophytic
bacteria in plant salt stress tolerance: current and future prospects. J. Plant Growth
Regul. 38, 650-668.

20

Plant Stress 14 (2024) 100648

Vergine, M., Vita, F., Casati, P., Passera, A., Ricciardi, L., Pavan, S., Aprile, A., Sabella, E.,
De Bellis, L., Luvisi, A., 2024. Characterization of the olive endophytic community in
genotypes displaying a contrasting response to Xylella fastidiosa. BMC. Plant Biol. 24,
337.

Vergine, M., Pavan, S., Negro, C., Nicoli, F., Greco, D., Sabella, E., Aprile, A.,
Ricciardi, L., De Bellis, L., Luvisi, A., 2022. Phenolic characterization of olive
genotypes potentially resistant to Xylella. J. Plant Interact. 17, 462-474.

Vergine, M., Meyer, J.B., Cardinale, M., Sabella, E., Hartmann, M., Cherubini, P., De
Bellis, L., Luvisi, A., 2019. The Xylella fastidiosa-resistant olive cultivar “Leccino” has
stable endophytic microbiota during the olive quick decline syndrome (OQDS).
Pathogens. 9, 35.

Villa, F., Silva, D.F., Dall’Oglio, P., Potrich, C., Menegusso, F.J, 2017. Performance of
substrates in rooting capacity of olive tree cuttings. Revista de Ciéncias
Agroveterinarias 16 (2), 95-101.

Vita, F., Sabbatini, L., Sillo, F., Ghignone, S., Vergine, M., Guidi Nissim, W., Fortunato, S.,
Salzano, A.M., Scaloni, A., Luvisi, A., Balestrini, R., De Bellis, L., Mancuso, S., 2022.
Salt stress in olive tree shapes resident endophytic microbiota. Front. Plant Sci. 29
(13), 992395. https://doi.org/10.3389/fpls.2022.992395.

Vita, F., Ghignone, S., Bazihizina, N., Rasouli, F., Sabbatini, L., Kiani-Pouya, A.,
Kiferle, C., Shabala, S., Balestrini, R., Mancuso, S., 2021. Early responses to salt stress
in quinoa genotypes with opposite behavior. Physiol. Plant 173, 1392-1420. https://
doi.org/10.1111/ppl.13425.

Vittori Antisari, L., Speranza, M., Ferronato, C., De Feudis, M., Vianello, G., Falsone, G.,
2020. Assessment of water quality and soil salinity in the agricultural coastal plain
Ravenna, North Italy. Minerals 10, 1-16. https://doi.org/10.3390/min10040369.

Wellburn, Alan R., 1994. The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different
resolution. J. Plant Physiol. 144 (3), 307-313, 1994.

Weissbein, S., Wiesman, Z., Ephrath, Y., Silberbush, M., 2008. Vegetative and
reproductive response of olive cultivars to moderate saline water irrigation.
HortScience 43, 320-327. https://doi.org/10.21273/hortsci.43.2.320.

Yang, A., Akhtar, S.S., Fu, Q., Naveed, M., Igbal, S., Roitsch, T., Jacobsen, S.-E., 2020.
Burkholderia Phytofirmans PsJN stimulate growth and yield of quinoa under salinity
stress. Plants 9, 672. https://doi.org/10.3390/plants9060672.


https://doi.org/10.1016/j.fct.2012.02.090
https://doi.org/10.1016/j.fct.2012.02.090
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0094
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0094
https://doi.org/10.3389/fpls.2021.712005
https://doi.org/10.1016/j.lwt.2014.03.014
https://doi.org/10.1021/jf5058205
https://doi.org/10.1080/01904169209364412
https://doi.org/10.1080/01904169209364412
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0099
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0099
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0099
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0100
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0100
https://doi.org/10.1071/FP09202
https://doi.org/10.1093/aob/mcg058
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0103
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0103
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0104
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0104
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0104
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0105
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0105
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0105
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0105
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0106
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0106
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0106
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0107
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0107
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0107
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0107
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0108
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0108
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0108
https://doi.org/10.3389/fpls.2022.992395
https://doi.org/10.1111/ppl.13425
https://doi.org/10.1111/ppl.13425
https://doi.org/10.3390/min10040369
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0112
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0112
http://refhub.elsevier.com/S2667-064X(24)00301-4/sbref0112
https://doi.org/10.21273/hortsci.43.2.320
https://doi.org/10.3390/plants9060672

	Water and nutrient availability modulate the salinity stress response in Olea europaea cv. Arbequina
	Introduction
	Materials and methods
	Experimental setup
	Biometrics and physiological measurements
	Ferric reducing antioxidant power
	Analysis of Na+ and K+content in the biomass
	LC-DAD-ESI-TOF-MS analysis of leaf metabolite extracts
	Chlorophyll and proline analysis
	DNA extraction and sequencing – metabarcoding analysis
	QIIME2-pipeline
	Statistical analysis

	Results
	Morphological and physiological parameters
	Biometric data
	Physiological data
	Pigment and proline contents

	Identification and quantification of polyphenolic compounds
	Results of ion measurements
	Endophytic community profile

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	datalink3
	References


