& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Laura Pistelli,
University of Pisa, Italy

REVIEWED BY
Rosario Muleo,
University of Tuscia,

Italy

Catello Di Martino,
University of Molise, Italy

*CORRESPONDENCE
Marzia Vergine
marzia.vergine@unisalento.it
Raffaella Balestrini
raffaella.balestrini@ipsp.cnr.it

These authors have contributed
equally to this work and share
senior authorship

SPECIALTY SECTION

This article was submitted to
Plant Symbiotic Interactions,
a section of the journal
Frontiers in Plant Science

RECEIVED 12 July 2022
AccepTeD 01 September 2022
PUBLISHED 29 September 2022

CITATION
Vita F, Sabbatini L, Sillo F, Ghignone S,
Vergine M, Guidi Nissim W,

Fortunato S, Salzano AM, Scaloni A,
Luvisi A, Balestrini R, De Bellis L

and Mancuso S (2022) Salt stress

in olive tree shapes resident
endophytic microbiota.

Front. Plant Sci. 13:992395.

doi: 10.3389/fpls.2022.992395

COPYRIGHT

© 2022 Vita, Sabbatini, Sillo, Ghignone,
Vergine, Guidi Nissim, Fortunato,
Salzano, Scaloni, Luvisi, Balestrini,

De Bellis and Mancuso. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Plant Science

TyPE Original Research
PUBLISHED 29 September 2022
D01 10.3389/fpls.2022.992395

Salt stress in olive tree shapes
resident endophytic microbiota

Federico Vita'?, Leonardo Sabbatini? Fabiano Sillo®,

Stefano Ghignone®, Marzia Vergine®, Werther Guidi Nissim?®®,
Stefania Fortunato®, Anna Maria Salzano®, Andrea Scaloni®,
Andrea Luvisi®, Raffaella Balestrini**, Luigi De Bellis*

and Stefano Mancuso?®’

‘Department of Biology, University of Bari Aldo Moro, Bari, Italy, 2Department of Agriculture, Food,
Environment and Forestry (DAGRI), University of Florence, Florence, Italy, *National Research
Council of Italy, Institute for Sustainable Plant Protection (CNR-IPSP), Torino, Italy, *Department of
Biological and Environmental Sciences and Technologies, University of Salento, Lecce, Italy,
>Department of Biotechnology and Biosciences, University of Milano-Bicocca, Milano, Italy,
¢Proteomics, Metabolomics and Mass Spectrometry Laboratory, National Research Council of Italy,
Institute for the Animal Production System in the Mediterranean Environment (CNR-ISPAAM),
Portici, Italy, "Fondazione per il futuro delle citta (FFC), Florence, Italy

Olea europaea L. is a glycophyte representing one of the most important plants
in the Mediterranean area, both from an economic and agricultural point of
view. Its adaptability to different environmental conditions enables its
cultivation in numerous agricultural scenarios, even on marginal areas,
characterized by soils unsuitable for other crops. Salt stress represents one
current major threats to crop production, including olive tree. In order to
overcome this constraint, several cultivars have been evaluated over the years
using biochemical and physiological methods to select the most suitable ones
for cultivation in harsh environments. Thus the development of novel
methodologies have provided useful tools for evaluating the adaptive
capacity of cultivars, among which the evaluation of the plant-microbiota
ratio, which is important for the maintenance of plant homeostasis. In the
present study, four olive tree cultivars (two traditional and two for intensive
cultivation) were subjected to saline stress using two concentrations of salt,
100 mM and 200 mM. The effects of stress on diverse cultivars were assessed
by using biochemical analyses (i.e., proline, carotenoid and chlorophyll
content), showing a cultivar-dependent response. Additionally, the olive tree
response to stress was correlated with the leaf endophytic bacterial
community. Results of the metabarcoding analyses showed a significant shift
in the resident microbiome for plants subjected to moderate salt stress, which
did not occur under extreme salt-stress conditions. In the whole, these results
showed that the integration of stress markers and endophytic community
represents a suitable approach to evaluate the adaptation of cultivars to
environmental stresses.
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Introduction

Olive tree (Olea europaea L.) is a long-living, evergreen
species that has been an historically important sclerophyll plant
in the Mediterranean basin, considering that olives represent a
food and oil source for centuries in all the countries around the
Mediterranea sea (Diez et al., 2015; Besnard et al., 2018). Olive
tree is considered a rustic plant adapted to a marginal life,
especially in coastal areas characterized by prolonged summer
drought and elevated soil salinity (Gucci et al., 1997). Currently,
salinization of soils represents an important threat to crop
production in the Mediterranean basin so far (Maggio et al.,
2011), also affecting olive tree production. Essentially, olive trees
grown on salinized show growth reduction, shortened
internodes, small leaves with thickened mesophyll and cell
walls, reduced blooming, decreased pollen germinability and
number of fruits (Gucci et al., 1997). The main visible symptoms
of salinity are represented by leaf chlorosis and necrosis,
desiccation of flowers and new shoots, and leaf abscission after
a long stress exposure. Therefore, premature leaf drop can be the
last defense mechanism against high salt concentrations, thereby
allowing the reduction of toxic ion uptake and transpiration rate
at the whole plant level (Loupassaki et al., 2002). Unfortunately,
the onset of symptoms is not an efficient diagnostic method to
determine the high salt concentration in the soil, because the
damaged entity is very similar to other stress symptoms (i.e.,
nutritional deficiencies and drought stress). Several studies have
shown that the olive tree’s ability to respond to high salt
concentrations is closely related to an effective mechanism of
ions exclusion and retention by the roots system (Chartzoulakis,
2005; Tattini et al., 2008).

However, the ability of different olive tree cultivars to
withstand salinity does not rely only on different K'/Na*
ratios in different tissues but is due to the interaction among
several physiological, metabolic, and molecular factors.
Recently, several researchers have endeavored to encompass
the relationship between plants and resident microorganisms,
mainly endophytic bacteria, which can help plants to alleviate
the severity of many abiotic stresses. Although endophytic
bacteria communities residing inside plant tissues sometimes
show neutral effects, in many cases they may be beneficial for
the plant by promoting growth and mineral uptake from the
soil, nitrogen fixation, and siderophore production, thus
mitigating biotic or abiotic stresses (Lodewyckx et al,
2002). Although ethylene, produced by plants grown in salt
stressed soils, can play a positive regulatory role in salt stress
tolerance (Riyazuddin et al., 2020), elevated ethylene
levels have been reported to have adverse effects on
salinity tolerance (Chen et al., 2014). Several studies have
verified that some endophytes belonging to the genera
Arthrobacter, Bacillus, Isoptericola and Streptomyces showed
the ability to produce l-aminocyclopropanel-carboxylate
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(ACC) deaminase, which catalyzes the conversion of the
ethylene precursor ACC to ammonia and o-ketobutyrate
(Qin et al,, 2016). Furthermore, endophytes belonging to
genera Bacillus, Halomonas, Kushneria, and Micrococcus
can improve tolerance of plants to salt stress inducing
changes in plant antioxidant enzyme activities, for example,
ascorbate peroxidase (APx), catalase (CAT), guaiacol
peroxidase (GPx), and superoxide dismutase (SOD)
(Navarro-Torre et al., 2017).

The deciphering of resident microbial communities and
their role in tree physiology is a rising topic (Hacquard and
Schadt, 2015; Blair et al., 2018; Cregger et al., 2018; Leopold and
Busby, 2020). A comprehensive knowledge of microbial
communities associated with the root system, including the
root endosphere and the rhizospheric soil, has been recently
reported by Fernandez-Gonzalez et al. (2019). Regarding the
endophytic/epiphytic composition in the olive trees, recent
studies have shown that differences emerge when different
cultivars (Mina et al., 2020) and diverse European origin areas
(Miiller et al., 2015) are taken into account, or the microbiome
profile of plant tissues is comparatively evaluated (Malacrino
et al, 2022). The microbiota of olive roots across different
seasonal patterns was also elucidated (Chialva et al., 2021).
Thus, understanding the complex mechanisms of woody
plants, including important crop species such as olive tree, and
their relationship with endophytic microorganisms could open
new avenues for alternative ecological strategies to grow plants
in soils affected by high salt concentrations.

Thus, the main aim of this study was to better understand
how resident olive leaves endophytic bacterial communities are
shaped by different levels of salt stress, considering different olive
genotypes. In this view, biochemical and metabarcoding data
were integrated with the goal of trying to explain how four olive
tree cultivars subjected to different saline concentrations cope
with stress. Results can represent a step forward in deciphering
the role of microbiota in facing plant abiotic stresses in a woody
crop plant.

Materials and methods

Experiment design and
samples collection

A set of four olive tree cultivars own-rooted were chosen:
Frantoio (FR), Lecciana (LA), Leccino (LE) and Oliana (OL)
were selected based on data already available in literature
(see below).

LA and OL cultivars were purchased from Agromillora nursery
(Barcelona, Spain), meanwhile, FR and LE were obtained from
Vivai Pietro Pacini nursery (Pescia, Italy). Plants (self-rooted
cuttings) of 1-year old were placed in 8x8 cm pots.
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LA and OL are Italian and Spanish olive cultivars,
respectively, used worldwide for super high-density olive
cropping systems (SHD) and are characterized by medium
and low vigorous, respectively. Particularly, LA has been
developed as a new cultivar since 1998, generated by crossing
between Arbosana and Leccino cultivars (Camposeo et al.,
2021). FR cultivar is an Italian cultivar but is widely cultivated
in all parts of the world, including Chile, Argentina, South
Africa, Pakistan and China. It is a vigorous cultivar
appreciated for the constant and good productivity of the
fruits. Last, LE is an Italian cultivar characterized by medium
vigor and constant yield and showing a similar distribution
to FR.

Diverse salt stress tolerance of FR and LE cultivars have been
reported by Tattini et al. (2008) and Cimato et al. (2010),
suggesting that FR is much more tolerant than LE. To validate
these already published data, LE and FR cultivars were selected,
in addition to LA and OL, to define a salt tolerance range within
the group of selected cultivars. Forty-five rooted cuttings for
each cultivar were transplanted in new black pots (8 x 8 x 18 cm)
containing approximately 1,152 dm® of sterilized perlite
substrate (Agrilit 3, Agriperlite Italiana, Alzaia Trento, Italy).
At transplanting all plants showed only the main stem that was
approximately 40-60 cm long. Plants were grown in a
greenhouse from June to September 2019 with an ambient
light (500 umol m~ s PAR), mean temperature 28°C (max
34.5°C - min 24.9°C), mean humidity 46% (max 60.5% - min
34.4%) and a photoperiod of 15 h light/9 h dark, at the
University of Florence (Italy) (lat. 43°48'58.6” N, long. 11°11
58.1" E). The experimental layout is reported in Supplementary
Figure 1. Five plants for each cultivar were placed on three
benches each one equipped with a closed recirculating irrigation
system. The “ebb-and-flood” bench system used in this trial
allowed a complete automatized regulation of the solution depth
and the exposure time, which, in the current trial, were set 4 cm
and 15 min respectively. One month after transplanting (to give
plants the time to acclimatize in the new growth environment),
based on the currently available information for this species,
plants were subjected to three different salt concentration
treatments, with 15 plants per treatment (45 plants for each
cultivar in total): control (T1), plants irrigated with Hoagland %
solution (Hoagland et al., 1950); treatment 1 (T100), plants
irrigated with 100 mM of NaCl in Hoagland Y% solution;
treatment 2 (T200), plants irrigated with 200 mM of NaCl in
Hoagland ¥ solution (Hoagland et al., 1950). All solutions were
prepared using distilled water. A sampling have been also done
before applying salt stress (T0). According to Abdallah et al.
(2018), to reduce the risk of osmotic shock, the final NaCl
concentrations were gradually reached by adding 50 mM NaCl
every two days until the final 200 mM concentration was
reached. Every week, soil electrical conductivity (1542.08 pS
cm-1/6.8 for control, 10.44 mS cm-1/6.8 for 100mM, and 19.07
mS c¢cm-1/6.8 for 200mM) and pH were checked with portable
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conductimetry and corrected, whenever necessary, with HNO;.
Additionally, when necessary, water was added until it reached
the volume of 300 L, to maintain the optimal volume of each of
the three used tanks (one per treatment). The treatments were
carried out for about 70 days until the first stress salinity
symptom (i.e., cellular necrosis) was evident on the apical
leaves in T200 plants (Supplementary Figure 2). To verify the
status of the used plants before each sampling step (T0 and T1),
biometric measurements have been carried out (Supplementary
Figures 3, 4, 54). Leaves already formed at the beginning of the
experiment were collected for the subsequent biochemical and
metabarcoding analyses. Plants were randomly selected for the
diverse analyses and leaves were selected among those above
the three basal internodes (leaves of one-year old) and avoiding
the apical part (the part developed during the experiment),
collecting the leaves at the level central internodes (leaves
already developed less than one-year old).

Chlorophyll and proline analysis

Spectrophotometric analyses were performed using 10 mg of
olive fresh leaves, which were collected from six different plants
(n=6) for each cultivar and treatment, at the end of the
experiment. Leaf samples were collected from the middle of
the leaf main axis and then frozen in liquid nitrogen to obtain a
fine powder. Afterwards, 1 mL of cold methanol was added, and
samples were shaken for 30 min and then centrifuged at 10000 x
g for 10 min. The supernatant was collected and used to read the
absorbance at 665, 652, and 470 nm for Chlorophyll a (Chla), b
(Chlb) and carotenoids, respectively. The absorbance was read
using a TECAN spectrophotometer through a 96 black multi-
plate reader. Pigment quantification was done using the
equations reported in Wellburn (1994).

For proline determination, 200 mg of fresh leaves were
collected (n=5) and frozen with liquid nitrogen before to add
1.5 mL of 3% w/v sulfosalicylic acid. Samples were vortexed and
then centrifuged at 14000 x g for 15 min. Then, the samples were
centrifuged using a benchtop centrifuge with maximum speed,
and the supernatant was collected in glass tubes. The reaction
mixture was prepared by warming 1.25 g ninhydrin in 30 mL
glacial acetic acid and 20 mL of 6 M phosphoric acid, then
vortexed until dissolved. Then, 0.3 mL of buffer was added to the
extracted supernatant, and the glass tubes were then heated at
100°C for 1 h. Following this step, color of the samples turned
red-violet, depending on proline concentration. Next, the
samples were cooled on ice to stop the reaction. Subsequently,
samples were extracted by 1 mL of toluene and vortexed to allow
the separation of organic and water phases. Samples were then
analyzed with a spectrophotometer (Biorad SmartSpec Plus,
Hercules, California, USA), and the absorbance was read at
520 nm wavelength using toluene as blank. The calibration curve
was made with a standard compound at different concentrations,
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and proline concentration in relation to fresh weight was
calculated as already reported (Bates et al., 1973).

DNA extraction and sequencing — NGS

Leaf samples were collected at the beginning (T0) and the
end of the experiment (Control T1 and salt-treated T100, T200).
DNA from olive leaves (3 biological independent replicates, i.e.,
3 from 3 plants, n=3) was extracted as described by Edwards
et al. (1991), with minor modifications. First, about 1 gram of
leaves was transferred into extraction bags (BIOREBA,
Switzerland), and 4 ml of 0.2 M Tris-HCI pH 9, 0.4 M LiCl,
and 25 mM EDTA (Tris-HCl-based extraction buffer) was
added. According to Vergine et al. (2019), samples were then
homogenized using a semi-automatic homogenizer. The DNA
solution was first extracted with phenol-chloroform-isoamyl
alcohol (25:24:1 ratio) to remove protein contaminants; then,
DNA was precipitated with isopropanol. The isolated DNA was
then quantified and used as a template for PCR amplification
with primers CS1-341F and CS2-806R (Caporaso et al., 2011;
Klindworth et al., 2013) the V3-V4 variable regions of the 16s
rDNA gene. A mixture of PNA (peptide nucleotide acid) blocker
oligos (PNA Bio Inc., USA) was added to increase the
sequencing process’s accuracy by avoiding amplification of
chloroplast and mitochondria sequences. Reads were collected
as a couple for each sample (Paired-End reads) for each
condition. A total of 48 libraries were generated from the
starting samples, 12 for TO (Control) and 36 for T1 (Control,
T100 and T200). Amplicons were sequenced using an Illumina
MiSeq platform (v3 chemistry) at the Génome Québec
Innovation Center, McGill University (Montreéal, Canada).

Assessment of microbial communities by
QIIME2 pipeline

Paired-end sequences spanning the V3-V4 regions of the
bacterial 16S rRNA were initially analyzed using QIIME2 v.
2021.4 (Quantitative Insights Into Microbial Ecology 2). Reads
were imported into the QIIME2 environment and quality
checking/filtering was performed. Adapter sequences were
removed using cutadapt (Martin, 2011), and sequences were
truncated and 280 (forward library) and 200 (reverse library)
bases from the start. Sequences were denoised using dada2
(Callahan et al., 2016) already included in QIIME2. Clustering
was performed with VSEARCH cluster-features-de-novo (-p-
perc-identity 0.97) (Rognes et al., 2016). Sequences were then
classified using a pre-trained naive Bayes classifier (silva-138-99-
nb-classifier.qza) according to sklearn feature classifier method
(Pedregosa et al., 2011). Output from QIIME2 (ASV table,
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taxonomy, metadata file and tree) were then imported in R
using the qiime2R package v0.99.34 (Bisanz, 2018) to generate a
phyloseq object (McMurdie and Holmes, 2013). In particular,
the diversity within samples (ci-diversity) was calculated using
Chaol, Shannon and Simpson indexes, whereas the diversity
among samples (B-diversity) was calculated by both Bray Curtis
(Beals, 1984) and weighted Unifrac (Chang et al., 2011), and
then visualized in a two-dimensional principal coordinates
analysis (PCoA) according to different variables using the
ampvis2 package (Albertsen et al., 2015). According to Bray
Curtis and Jaccard distances, network analyses were also
performed using the package phyloseq (McMurdie and
Holmes, 2013).

A differential heat tree was depicted using the package
metacoder (v. 0.3.5) (Foster et al., 2017) to graphically display
the most abundant taxa among treatments. Outputs from
QIIME2 (ASV table, taxonomy and metadata files) were then
used with MicrobiomeAnalyst (Chong et al,, 2020) for data
assessment. First, reads were processed by setting “5” as
minimum count of features (10% of prevalence in samples)
and 10% of features with low variance in samples based on IQR.
Then, libraries were rarefied as reported using the minimum
sample size. Finally, results were reported according to
univariate analysis (FDR cutoff = 0.05), linear discriminant
analysis Effect Size (LEfSe) (Segata et al., 2011) and random
forest analysis (Liaw et al., 2002).

Statistical analysis

Data concerning chlorophyll and proline concentrations
were first submitted to a Shapiro-Wilk test for checking their
normality. Datasets showing p values below the threshold of 0.05
were log-transformed prior to proceeding with further statistical
analyses. Two-way analysis of variance was used to determine
significant cultivar and treatment effects as well as interactions
for all data. All data were statistically analyzed using two-way
ANOVA test using SPSS version 24 software (1BM® Armonk,
USA). The significant differences were evaluated post-hoc using
Tukey’s HSD test with a level of significance of p < 0.05.
Statistical assessment of metabarcoding data is included in the
specific paragraphs (see above).

Results

Chlorophyll, carotenoid and
proline contents

Pigment analyses (Figure 1, Table 1) showed that cultivars
reacted differently in response to stress. Differences were
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lorophyll B (Chlb) and carotenoids) and proline data, and corresponding results from 2-way ANOVA analysis.

Data are the mean values consisting of six (n = 6) and five (n = 5) independent replicates for pigments and proline analyses, respectively, for
each experimental condition. Post-hoc tests were performed according to cultivar (Chla, Chlb and proline) and treatment (Carotenoid) variable.

*** < 0.0001 *** < 0.001 ** < 0.01 * < 0.05.

detected mainly in Chlb and carotenoid contents, whereas
Chla content was not significantly affected by the stress,
despite a slight decrease reported in two (LA, LE) out of
four cultivars. In this view, Chlb content decreased due to salt
treatment, mostly in the LA, LE, OL T200, whereas the
decrease reported in FR T200 was not statistically
significant. Furthermore, the different stress treatment did
not affect the Chlb content since no significant differences
were detected between T100 and T200 in LE and OL, with a
slight decrease occurring in FR and LA (T200). About the
ratio between Chla/Chlb, T200 was significantly different
from TO in all the considered cultivars while T100 was
significantly different from TO only for LE and OL
(Supplementary Figure 5, Table 1). Conversely, the
carotenoid content slightly increased in treated samples
compared to control, with a significant increase in FR and
OL. Proline content was quantified to highlight the response
of a compatible osmolyte to salt stress. Results indicated that
only the OL cultivar displayed a clear response pattern, with a
significant increase of proline content in T200 compared to
control. By contrast, the other cultivars did not show any
consistent change in response to stress.
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The endophytic bacteria community
associated with olive leaves

A total of 665890 quality- and chimera- filtered bacterial
sequences were obtained from the four analyzed cultivars. The
average sequence counts per sample was 13872 (total range:
from 4738 to 32725). Library size and their distribution after and
before the rarefaction were reported (Supplementary Figure 6),
confirming a sufficient sequencing depth for samples. The
percentage and proportion of sequences in the analyzed
cultivars (FR, LE, LA, OR) and conditions (T0, T1, T100,
T200) is reported as a barplot (Figure 2), as well as
information describing the identified taxa (Supplementary
Table 2, Figure 7). Sequencing results at a phylum level
indicate that the core microbiome associated to olive leaves
included Proteobacteria, which accounted for 99.50% of total
sequences (196.703), followed by Firmicutes (782 sequences,
0.39%), and Actinobacteria (208 sequences, 0.11%). Looking at
the order level, the main bacterial orders are represented by
Burkholderiales (86006 reads, 41.71%), Enterobacterales (66774
reads, 32.38%), and Pseudomonadales (42534 reads, 20.63%).
Sequences distribution across the analyzed samples is reported
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TABLE 1 Post-hoc test results of two-way ANOVA analyses on pigment data, considering the Cultivar factor, with exception of Carotenoid data

where Treatment factor was considered.

Tukey’s multiple comparisons test Predicted (LS) mean diff. 95,00% CI* Significant? Summary Adjusted P-Value
Chlorophyll a
FR
0 mM vs. 100mM -0.09017 -0,2618 t0 0,08148  No ns 0.8181
0 mM vs. 200mM -0.03755 -0,2176 t0 0,1425  No ns 0.9999
100mM vs. 200mM 0.05262 -0,1274 10 02326 No ns 0.9973
LA
0 mM vs. 100mM 0.005774 -0,1659 to 0,1774  No ns >0,9999
0 mM vs. 200mM 0.1093 -0,06237 to 0,809 No ns 05795
100mM vs. 200mM 0.1035 -0,06814 t0 0,2751  No ns 0.6573
LE
0 mM vs. 100mM 0.09 -0,08164 to 0,2616  No ns 0.8198
0 mM vs. 200mM 0.1037 -0,06796 to 0,2753 No ns 0.6549
100mM vs. 200mM 0.01368 -0,1580 to 0,1853  No ns >0,9999
OL
0 mM vs. 100mM -0.1023 -0,2739 t0 0,06936  No ns 0.6734
0 mM vs. 200mM -0.09876 -0,2704 to 0,07289  No ns 07188
100mM vs. 200mM 0.003531 -0,1681 t0 0,752 No ns >0,9999
Chlorophyll b
FR
0 mM vs. 100mM 0.01959 -0,1215 t0 0,1607  No ns >0,9999
0 mM vs. 200mM 0.1176 -0,02970 to 0,2650  No ns 0.2406
100mM vs. 200mM 0.09804 -0,04302 t0 0,2391  No ns 0.4387
LA
0 mM vs. 100mM 0.1966 0,04627 to 0,3470  Yes * 0.0023
0 mM vs. 200mM 02787 0,1283 to 0,4290 Yes wooex <0,0001
100mM vs. 200mM 0.08201 -0,05249 t0 0,2165  No ns 0.6345
LE
0 mM vs. 100mM 0.223 0,07267 t0 0,3734  Yes e 0.0003
0 mM vs. 200mM 0233 0,08259 to 0,3833 Yes 0.0001
100mM vs. 200mM 0.009915 -0,1246 to 0,1444  No ns >0,9999
OL
0 mM vs. 100mM 0.1913 0,04096 to 0,3417  Yes ** 0.0033
0 mM vs. 200mM 0.1718 0,02144 to 0,3222 Yes * 0.0129
100mM vs. 200mM -0.01952 -0,1540 to 0,1150  No ns >0,9999
Carotenoid
0 mM
FR vs. LA -0.02540 -0.08672 to 0.03591  No ns 0.9547
FRvs. LE -0.02861 -0.08678 to 0.02956  No ns 0.8678
FR vs. OL 0.001752 -0.05956 to 0.06307  No ns >0.9999
LA vs. LE -0.003212 -0.06138 to 0.05496  No ns >0.9999
LA vs. OL 0.02715 -0.03416 to 0.08847  No ns 0.9296
LE vs. OL 0.03037 -0.02780 to 0.08854  No ns 0.8181
100 mM
FRvs. LA 0.01848 -0.03158 to 0.06855  No ns 0.9803
FRvs. LE 0.01769 -0.03238 to 0.06775  No ns 0.9859
FR vs. OL 0.01223 -0.03784 t0 0.06229  No ns 0.9994
LA vs. LE -0.0007932 -0.05086 to 0.04927  No ns >0.9999
LA vs. OL -0.006256 -0.05632 to 0.04381  No ns >0.9999
(Continued)
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TABLE 1 Continued

Tukey’s multiple comparisons test Predicted (LS) mean diff.

LE vs. OL -0.005463
200mM

FR vs. LA 0.03579
FR vs. LE 0.03024
FR vs. OL 0.02874
LA vs. LE -0.005550
LA vs. OL -0.007050
LE vs. OL -0.001499
Proline

FR

0 mM vs. 100mM -0.4053
0 mM vs. 200mM -0.208
100mM vs. 200mM 0.1972
LA

0 mM vs. 100mM 1.194
0 mM vs. 200mM 0.1046
100mM vs. 200mM -1.09
LE

0 mM vs. 100mM 0.3743
0 mM vs. 200mM -0.775
100mM vs. 200mM -1.149
OL

0 mM vs. 100mM -1.849
0 mM vs. 200mM -3.487
100mM vs. 200mM -1.637

10.3389/fpls.2022.992395

95,00% CI* Significant? Summary Adjusted P-Value
-0.05553 to 0.04460  No ns >0.9999
-0.01671 to0 0.08830  No ns 04683
-0.02226 to 0.08275  No ns 0.7103
-0.02376 t0 0.08125  No ns 0.7699
-0.05561 to 0.04451  No ns >0.9999
-0.05711 to 0.04301  No ns >0.9999
-0.05156 to 0.04856  No ns >0.9999

-2,137 to 1,327 No ns 0.9995

-2,055 to 1,639 No ns >0,9999

-1,722 to 2,116 No ns >0,9999

-0,8950 t0 3,283 No ns 0.6958

-2,080 to 2,289 No ns >0,9999

-3,008 t0 0,8295  No ns 0.7042

-1,961 to 2,710 No ns >0,9999

-3,252 to 1,702 No ns 0.9933

-2,996 t0 0,6972  No ns 0.5805

-4,243 00,5440  No ns 0.2695

-6,098 to -0,8751  Yes o 0.0021

-3,726 t0 04519 No ns 02517

*=95% confidence interval for the difference between two means. **** < 0.0001; *** < 0.001; ** < 0.01; * < 0.05; ns, not significant.

in Figure 2. By comparing data of taxa abundance related to
cultivar and treatment (Figure 3), consistent differences were
observed only when moderate salt treatment was considered.

Looking at the cumulative abundance at the order level
indicates that Burkholderiales were mostly present in the T100
sample, with 34722 sequences compared to 14023 (T0), 18745
(T1), and 18516 (T200) reported in the other conditions.
Conversely, the Pseudomonadales were well represented in all
the experimental conditions (TO0, 14276 sequences, T1 13594
sequences, T200 13585 sequences), except for T100
(1079 sequences).

Impact of salt stress in microbial richness
and composition

When cultivars were compared, we observed that differences
in the LE endophytic microbiota did not occur in response to
stress, according to the reported indexes. Conversely, alpha
diversity indexes point out that bacterial community
associated with OL and LA seems highly influenced by salt

Frontiers in Plant Science

stress (Figure 4). Furthermore, differences mainly occurred in
T100 than in T200. This is more evident by observing data from
the Simpson index, where LA and OL reached a lower level of
diversity in T100, whereas no other consistent differences were
detected in the other samples (Figure 5). Under T200 treatment,
the indexes increased reaching the control values, with the OL
sample that increases the values of the Simpson and Shannon
indexes. Beta-diversity was assessed according to PCoA analyses
based on Bray-Curtis distances (Figure 5), which accounted for
62.0% of the total variance (53.5% PCl1, 8.5% PC2). Results
confirmed that samples clustered differently among the three
considered variables (cultivar, treatment and sampling time).
When the variable cultivar was considered, an overlap of the four
cultivars was observed (Figure 5A).

The same scenario was also depicted in the case of the
sampling time, as no significant differences were detected
between the control TO (sampling collected at the beginning of
the experiment) and control T1 (Figure 6C), on the base of B-
diversity, confirming that both can be considered as control
samples. Conversely, when the treatment factor was considered,
the T100 clustered separately from other treatment samples
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FIGURE 2
Barplot of the identified ASV at the order level. Relative abundance of detected orders in samples grouped for cultivar and treatment.
Represented ASVs were filtered (threshold = 0.5%) to display only significant taxa.
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FIGURE 3
Heat-map of differentially abundant taxa. Data were computed at the genus level using the r package ampvis2. Data were grouped by cultivar
and then were classified based on the percentage of read abundance.
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FIGURE 4

Alpha diversity assessment within analyzed samples. Data were computed based on three different indexes, Chaol, Shannon, and Simpson.

Represented data show the diversity within each sample.

(Figure 5B), thus confirming the presence of distinctive features
among the different conditions. Results from further multivariate
analyses were reported in Supplementary Figure 8.

The differences in sample clusterization were confirmed by
network analysis (Figure 6), where T100 resulted as clearly
separated from other conditions, according to Bray Curtis and
Jaccard indexes, leading to a distinct cluster group. Data reported in
the differential heat tree (Figure 7) indicated that differences
occurred in the pairwise comparison between T100 and the other
considered conditions. Results from univariate analysis from
MicrobiomeAnalyst (p-value < 0.05) at genus level confirmed that
four features were identified as significantly different among
conditions, as reported in Table 2. The experimental conditions
significantly altered the abundance of Pseudomonas (FDR = 1.36E’
Y Burkholderia (FDR = 1.25E %), Ralstonia (FDR = 2.02E*) and
Staphylococcus (FDR = 6.10E %), as reported in Figure 8.

The identification of statistically significant features was also
performed through LEfSe analysis at the genus level, as reported in
Table 3, which again confirmed that Pseudomonas, Burkholderia
and Ralstonia represent the most notable features in the dataset.
Data were then processed with the Random Forest algorithm, an
ensemble of classification trees, each of which is grown by random
feature selection from a bootstrap. Results reported in Figure S9
show the cumulative error rates of random forest analysis including
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the different sample treatments. The Out-Of-Bug (OOB) error
was 0.5.

Discussion

The main goal of this study was to explore the changes in
microbial endophytic communities in four different olive tree
cultivars facing salt stress, under comparative experiments. Plants
subjected to salt challenge showed peculiar differences in pigment
and proline content compared to control ones, as well as in
microbial endophytic communities, suggesting an effect of the
stress on metabolite pathways. Interestingly, these data indicated
that stress response appeared to have acted in a cultivar-dependent
manner. For instance, Chla content showed no significant decrease
in all cultivars. Conversely, data related to Chlb indicated a
significant reduction in three out of four cultivars, reaching the
lower level in T200. In FR, although not significant, a similar trend
was also observed. A decrease in Chlb has been reported for other
tree species under high salinity conditions (Ma et al., 1997; Yang
et al, 2009). In olive, it has been suggested that reduction of
chlorophyll content could be associated to oxidative stress
processes and an increase in ROS scavenging enzymes (Regni
et al, 2019). In our study, carotenoid content increased
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Frontiers in Plant Science 11 frontiersin.org


https://doi.org/10.3389/fpls.2022.992395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Vita et al. 10.3389/fpls.2022.992395

A
Bray-Curtis

Treatment

@ Control_0
© control_1
® T100
© T200

Plant

Frantoio

Lecciana

Leccino
X Oliana

Jaccard

Treatment

@ Control_0
@ Control_1
® T100
@ T200

Plant

Frantoio
Lecciana
Leccino

X Oliana

FIGURE 6
Network analysis based on Bray-Curtis (A) and Jaccard (B) coefficient.
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Differentially heat tree matrix for pairwise comparisons. Data were classified on FDR (cutoff = 0.05) and fold change using the r package
metacoder (Foster et al., 2017) on samples classified based on treatment. The grey tree reported at the bottom left side works as a legend for
the unlabeled trees. Each smaller tree represents a comparison between treatments in the columns and rows

significantly mostly in FR cultivar and then, to a lesser extent, in OL.
In olive tree, it has been suggested that carotenoid accumulation
during stressed conditions could be related to metabolic changes
occurring during stress adaptation, and the accumulation degree
seems to be genotype-dependent (Bashir et al., 2021). Accordingly,
it could be hypothesized that in FR cultivar the increase in salinity
was accompanied by an enhancement of carotenoid synthesis
withstand stress conditions, also confirming the status of FR as
salt tolerant genotype (Rossi et al., 2015). On the other hand, the
content of proline, which is known to favor homeostasis through
osmotic regulation during salt stress (Di Martino et al., 2003; Igbal
etal,, 2014), was not affected by salt stress on olive leaves, apart from
a significant increase in a single cultivar (OL) under 200 mM salt
stress. Our data partially contrasts with Abdallah et al. (2018) and
Ben Ahmed et al. (2009), who found no evidence for an active role
of proline in compensating osmotic unbalanced inside the leaf cells
in different olive three cultivars, thereby suggesting that also the
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response of this osmolyte could be genotype-specific. However, it is
worth noting that OL showed the lowest value of proline in T1
plants compared to the other cultivars. Moreover, as reported by Di
Martino et al. (2003) in spinach, in addition to proline and glycine
betaine, levels of free amino acids may change under a mild salt
stress, with an enhancing in glycine and serine amounts. This result
has been linked by these authors to an increase in photorespiration
that might also have a role in the production of osmolytes. Although
these aspects have not been investigated in this study, our results
pave the way for further researches on how salt stress affect
biochemical pathways in olive trees in response to salt stress.
Overall, analyzed olive tree leaves showed a limited, but specific
taxa composition. It should be noted that endophytic bacteria may
move into the plants by entering through primary roots and
colonizing stems and leaves, or via stomata and lenticels present
on leaves (Sgrensen and Sessitsch, 2007; Compant et al., 2010). In
the current study, the relative low richness in taxa could be

frontiersin.org


https://doi.org/10.3389/fpls.2022.992395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Vita et al.

TABLE 2 Results of the univariate analysis on samples using the MicrobiomeAnalyst software.

Features

Pseudomonas
Burkholderia_Caballeronia_Paraburkholderia
Ralstonia

Staphylococcus

Enterobacter

Undibacterium

Paracoccus

Cutibacterium

Pelomonas

Dechloromonas

Pvalues

1.23E-12
2.28E-07
5.52E-06
2.22E-03
7.36E-02
2.49E-01
5.15E-01
5.40E-01
5.84E-01
6.94E-01

10.3389/fpls.2022.992395

FDR Statistics
1.36E-11 4.00E+01
1.25E-06 1.66E+01
2.02E-05 1.23E+01
6.10E-03 5.69E+00
1.38E-01 2.48E+00
3.91E-01 1.42E+00
6.43E-01 7.74E-01
6.43E-01 7.30E-01
6.43E-01 6.55E-01
6.94E-01 4.86E-01

Results indicate differentially abundant features sorted on False Discovery Rate (FDR, cutoff = 0.05). Data in bold are statistically significant.

potentially related to growing conditions, where the presence of an
inert substrate like perlite could have hampered the own plant’s
possibility to establish an efficient endophytic community. It is in
fact possible to hypothize that using a natural soil, where microbial
communities generally show an high biodiversity, the endophytic
bacterial communities in leaves could reflect the complexity present
in soil (Malacrino et al.,, 2022). The bacterial communities
inhabiting the leaves of all cultivars included members belonging
to three main phyla, i.e., Proteobacteria, Actinobacteria and
Firmicutes. The most abundant class was composed by
Gammaproteobacteria, as also observed in previous studies on the
phyllosphere of other olive tree cultivars (Mina et al, 2020). Not
surprising, Actinobacteria and Gammaproteobacteria were found to
be common inhabitants of angiosperm leaves (Redford et al., 2010).
At family level, results also confirmed that Pseudomonas represents
one of the main taxa living inside the olive tree leaves, as already
demonstrated (Vergine et al, 2019). Pseudomonas spp. is an
important group of bacteria known to be able to improve salt
stress tolerance of plants. It was demonstrated that inoculation of
Pseudomonas improves growth and salt-tolerance in different
plants, such as rice (Jha et al., 2011), mustard (Phour and Sindhu,
2020), cotton (Yao et al., 2010), cucumber (Gamalero et al., 2010),
and canola (Cheng et al, 2012). It is worth noting that the core
microbiome detected in the four olive cultivars was similar to that
already observed for other olive tree cultivars (Mina et al., 2020),
suggesting that this species may possess a species-specific resident
microbiome in the phyllosphere, which is shared by the considered
different genotypes/cultivars. At genus level, in addition to
Pseudomonas, Ralstonia and Burkholderia, also Enterobacter ssp.
and Pelomonas spp. were detected. These two genera were often
observed in olive phyllosphere (Miiller et al., 2015; Mina et al., 2020)
and it should be noted that Pseudomonas, Ralstonia and Pelomonas
are known to represent three main genera of the olive phyllosphere
core microbiome in European cultivars (Miiller et al, 2015).
Intriguingly, it has been previously observed that olive root
bacterial communities appeared stable in taxa composition across
genotypes and seasons (Chialva et al., 2021). However, Mina and
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colleagues (2020) observed significant differences between microbial
composition of phyllosphere of two Spanish olive cultivars grow in
orchards (Mina et al., 2020). In the current study, the absence of
significant differences in microbial communities among the
considered cultivars may be explained by the sterile substrate
used for growing plants that might have limited the bacterial
recruitment by roots from actual soil.

A shift in endophytic resident bacterial community inside the
leaves during salt exposure was detected by the metabarcoding
approach applied on the olive tree phyllosphere. A significant
change in the bacterial community under T100 treatment was
observed. In this regard, it could be assumed that this stress level
allowed to maintain an active transport of nutrients, water, and
sodium inside the leaves, which may have favored the shift of
endophytes towards specific bacteria taxa able to survive in this
cellular context. Particularly, Burkholderia and Ralstonia, both
belonging to Burkholderiales order, increased under this salt stress
condition. Species belonging to Burkholderia genus are known to be
able to survive under high level of salinity and to enhance plant
tolerance to salt stress (Eberl and Vandamme, 2016; Yang et al,
2020). The genus Burkholderia contains more than 62 species,
among which some are pathogenic, and others play a mutualistic
role in plants. Several studies have described the importance of
Burkholderia against abiotic stress in plants (Estrada-De Los Santos
et al., 2001; Suarez-Moreno et al., 2012; Theocharis et al., 2012). For
instance the inoculation of B. phytofirmans on quinoa plants
irrigated with saline water increased growth rate and mitigated
osmotic stress through an osmosis compensation and increased
production of catalase enzymes (Yang et al., 2020). In addition, the
mutualistic role of B. phytofirmans, enhancing tolerance against
abiotic stress through a priming acclimation process has been also
demonstrated in grapevine (Theocharis et al,, 2012). Furthermore,
Burkholderia was identified as differentially regulated taxa in a study
describing the role of the olive tree bacterial communities present in
soil and tissues (leaf surface and xylem sap) under a sustainable or
conventional orchard, with a strong prevalence for the latter
management condition (Fausto et al., 2018). Additionally,
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TABLE 3 Result from LEfSe analysis at the genus level (FDR cutoff = 0.05).

Features P values FDR

Pseudomonas 6.36E-06 7.00E-05
Burkholderia_Caballeronia_Paraburkholderia 0.000132 0.000724
Ralstonia 0.000246 0.000901
Enterobacter 0.036998 0.082156
Staphylococcus 0.037344 0.082156
Ve 0.079102 0.1361

Cutibacterium 0.086609 0.1361

Paracoccus 0.12929 0.17778
Undibacterium 0.36684 0.44836
Pelomonas 0.40802 0.44882
Dechloromonas 0.91854 0.91854

10.3389/fpls.2022.992395

Control_0 Control_1 T100 T200 LDAscore
750 667.83 50.5 686 2.54
558.25 710.83 13224 768 2.58
140.58 198.75 337.92 159.08 2
978.75 862.25 7155 822.33 2.12
20.083 0.41667 0.5 4.0833 1.03
0.91667 4.8333 12.833 3.8333 0.843
1.8333 0 275 2.1667 0.376
1.5833 0 3.0833 0.33333 0.405
3 3.75 0.41667 0 0.459
1.9167 8.8333 11.583 9.4167 0.766
2.0833 15 15 3.75 0.327

Differentially abundant features (treatments) were classified and sorted based on p-value and FDR. Data in bold are statistically significant.

Burkholderia species are recognized to be able to reduce ethylene
levels by ACC deaminase, one of the main processes that help plant
growth in environmental stressed conditions (Sarkar et al., 2018).
The enhancement of Burkholderia endophytic taxa in 100 mM
NaCl-treated plants over the main genus found in olive leaves, i.e.,
Pseudomonas, suggested an ecological shift of the native olive
endophtyic microbiome, triggered at cellular level by osmotic
conditions. The decrease of Pseudomonas taxa showed also a
secondary effect that include the increase in abundance of
antagonistic Ralstonia species, as previously observed
(Chandrasekaran et al., 2016). This genus has been reported to
include plant pathogenic species, as well as species resistant to
stressful conditions and disturbed environments (Marques
et al., 2010).

Interestingly, the bacterial community did not change in the
highest salt treatment (T200) compared with the control, suggesting
no effect on the shaping of salt tolerant olive tree microbiome under
high level of salinity. In this context, it has already been reported
that moderate levels of salinity can favor bacterial diversity of soil
microbial communities; conversely, bacteria communities are
rapidly replaced by fungal ones at high salinity levels (Tufail
et al,, 2021). A role in boosting salt tolerance by the phyllosphere
microbiome has been proposed so far, as in the case of leaves of
some halophytic plants that harbor halotolerant and extreme
halophiles bacterial species (Mora-Ruiz et al., 2015). Additionally,
olive trees exposed to salt stress are known to activate adaptation
processes, also including cytosine methylation affecting regulation
of gene expression at transcriptional and post-transcriptional level
(Mousavi et al,, 2019). In addition, it has been suggested that plants
modulate the regulation of microRNA (miRNA) to favor the
association with beneficial endophytic bacteria by suppressing
defense processes (Carvalho et al, 2016). In our experiment, we
cannot exclude that these epigenetic mechanisms may have played a
role in both adaptations of plants to moderate salt stress conditions
and on the selection of bacterial population under T100 salt
treatment. It is possible to speculate that adaptation through

Frontiers in Plant Science

16

epigenetic processes may contribute to explain why under T200
salt treatment, plants did not change bacterial endophytic
community, possibly due to epigenetic and microbiota
interactions (Vannier et al, 2015). Although this experiment did
not provide any data on this aspect, this intriguing hypothesis
deserved to be explored in further experiments in the same olive
tree cultivars.

In the whole and according to results from biochemical
analysis, two cultivars, i.e., FR and OL, can be considered as salt
tolerant, while LE and LA were found to be salt sensitive.
Metabarcoding data demonstrated that resident endophytic
microbiome was affected by salt stress, but no significant
differences in microbial abundance and richness were observed
among cultivars. Taken together, these results suggested that, at
least upon these experimental growth conditions (sterilized
substrate), the genetic and/or epigenetic background of olive
trees may play a primary role in salt tolerance, whereas the
detected shift in endophytic microbiome seems to be a common
secondary process. However, a diverse priority of these processes
in more complex natural conditions cannot be excluded.

Conclusion

The integration of data from biochemical analyses and
assessment of microbial endophytic communities in olive trees
was a suitable approach to evaluate the tolerance of cultivars to
environmental challenges. In the present study, a characterization of
changes of endophytic resident microbiota profiles in olive trees
subjected to salt stress was performed using an NGS-based
approach. Different salt concentrations affected the leaf
endophytic bacterial composition, highlighting that plant system
is strongly connected with the microbial community inside them;
this condition was evident for plants treated with 100 mM NaCl. In
this case, data demonstrated the enrichment of a peculiar
endophytic community, which could play a significant role in the
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ability of olive genotypes to withstand salt stress. Under this
perspective, the abundance of taxa like Burkholderia in this
experimental condition could reinforce the hypothesis that the
endophytic community may play a role in helping olive trees to
deal with the harmful effects of sodium inside the leaves.
Conversely, species of the Pseudomonas genus, the main taxon of
native olive leaves microbiome, seem to have an opposite trend,
reinforcing the hypothesis of an ecological shift towards tolerant
bacterial strains. These data offer a comprehensive adaption scheme
of olive trees cultivar to salt stress, deepening plant-microbial
interactions and thus representing an innovative starting point for
the constitution and management of new cultivars adapted to
salt stress.
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SUPPLEMENTARY FIGURE 1
Representative image of the experimental design.

SUPPLEMENTARY FIGURE 2
Necrotic damage caused by saline stress (T200, Frantoio).

SUPPLEMENTARY FIGURE 3
The olive tree plants’ biometric results (plant height and total number of
leaves) at two different sampling points (TO and T1).

SUPPLEMENTARY FIGURE 4
Representative plants grouped by cultivar collected at the end of
the experiment.

SUPPLEMENTARY FIGURE 5
Results of Chla/Chlb ratio.

SUPPLEMENTARY FIGURE 6

Results of rarefaction on samples grouped according to cultivar. Curves
are getting before (A) and after (B) rarefaction processes. The horizontal
axis indicates the sequences resulting from the Illumina MiSeq
sequencing platform on V3-V4 regions. The vertical axis shows the
number of amplified sequence variants (ASVs).

SUPPLEMENTARY FIGURE 7
ASV circle computed on samples classified based on (A) treatment and (B)
cultivar. Min_prop_tax parameter = 0.005, data computed at Family level.

SUPPLEMENTARY FIGURE 8
Data ordination using different multivariate methods. CCA, canonical
correspondence analysis; DCA, Detrended correspondence analysis;
DPCoA, Double Principle Coordinate Analysis; NMDS, Non-metric
multidimensional scaling; PCoA, Principal Coordinate Analysis; RDA,
Redundancy analysis.

SUPPLEMENTARY FIGURE 9

The classification of cumulative error rates by Random Forest (Liaw et al.,
2002). The overall error rate is shown as the black line; the red and green
lines represent the error rates for each class. Random forest is an example
of supervised machine learning algorithm that can be used to identify a
specific subset of microbial taxa able to predict a target variable according
to relative abundances.

frontiersin.org


https://doi.org/10.6084/m9.figshare.20291937
https://doi.org/10.6084/m9.figshare.20291937
https://www.frontiersin.org/articles/10.3389/fpls.2022.992395/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.992395/full#supplementary-material
https://doi.org/10.3389/fpls.2022.992395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Vita et al.

References

Abdallah, M. B., Trupiano, D., Polzella, A., De Zio, E., Sassi, M., Scaloni, A., et al.
(2018). Unraveling physiological, biochemical and molecular mechanisms involved
in olive (Olea europaea 1. cv. chétoui) tolerance to drought and salt stresses. J. Plant
Physiol. 220, 83-95. doi: 10.1016/.jplph.2017.10.009

Albertsen, M., Karst, S. M., Ziegler, A. S., Kirkegaard, R. H., and Nielsen, P. H.
(2015). Back to basics-the influence of DNA extraction and primer choice on
phylogenetic analysis of activated sludge communities. PloS One 10, €0132783. doi:
10.1371/journal.pone.0132783

Bashir, M. A, Silvestri, C., Coppa, E., Brunori, E., Cristofori, V., Rugini, E., et al.
(2021). Response of olive shoots to salinity stress suggests the involvement of sulfur
metabolism. Plants 10, 350. doi: 10.3390/plants10020350

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

Beals, E. W. (1984). “Bray-Curtis ordination: an effective strategy for analysis of
multivariate ecological data,” in Advances in ecological research (London: Academic
Press), 1-55.

Ben Ahmed, C., Ben Rouina, B., Sensoy, S., Boukhriss, M., and Abdullah, F. B.
(2009). Saline water irrigation effects on antioxidant defense system and proline
accumulation in leaves and roots of field-grown olive. J. Agric. Food Chem. 57,
11484-11490. doi: 10.1021/jf901490f

Besnard, G., Terral, J.-F., and Cornille, A. (2018). On the origins and
domestication of the olive: A review and perspectives. Ann. Bot. 121, 385-403.
doi: 10.1093/aob/mcx145

Bisanz, J. (2018). qiime2R: Importing QIIME2 artifacts and associated data into
R sessions. Version 0.99 13.

Blair, P. M., Land, M. L, Piatek, M. ], Jacobson, D. A., Lu, T.-Y. S., Doktycz, M.
J., et al. (2018). Exploration of the biosynthetic potential of the Populus
microbiome. Msystems 3, €00045-e00018. doi: 10.1128/mSystems.00045-18

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W, Johnson, A. J. A, and
Holmes, S. P. (2016). DADA2: High-resolution sample inference from illumina
amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Camposeo, S., Vivaldi, G. A., Montemurro, C., Fanelli, V., and Cunill Canal, M.
(2021). Lecciana, a new low-vigour olive cultivar suitable for super high density
orchards and for nutraceutical EVOO production. Agronomy 11, 2154. doi:
10.3390/agronomy11112154

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

Carvalho, T. L. G,, Ballesteros, H. G. F., Thiebaut, F,, Ferreira, P. C. G, and Hemerly,
A. S. (2016). Nice to meet you: genetic, epigenetic and metabolic controls of plant
perception of beneficial associative and endophytic diazotrophic bacteria in non-
leguminous plants. Plant Mol. Biol. 90, 561-574. doi: 10.1007/s11103-016-0435-1

Chandrasekaran, M., Subramanian, D., Yoon, E., Kwon, T., and Chun, S.-C.
(2016). Meta-analysis reveals that the genus Pseudomonas can be a better choice of
biological control agent against bacterial wilt disease caused by Ralstonia
solanacearum. Plant Pathol. ]. 32, 216. doi: 10.5423/PP].0A.11.2015.0235

Chang, Q., Luan, Y., and Sun, F. (2011). Variance adjusted weighted UniFrac: a
powerful beta diversity measure for comparing communities based on phylogeny.
BMC Bioinf. 12, 1-14. doi: 10.1186/1471-2105-12-118

Chartzoulakis, K. S. (2005). Salinity and olive: growth, salt tolerance,
photosynthesis and yield. Agric. Water Manage. 78, 108-121. doi: 10.1016/
j.agwat.2005.04.025

Cheng, Z., Woody, O. Z., McConkey, B. J., and Glick, B. R. (2012). Combined
effects of the plant growth-promoting bacterium Pseudomonas putida UW4 and
salinity stress on the Brassica napus proteome. Appl. Soil Ecol. 61, 255-263. doi:
10.1016/j.aps0il.2011.10.006

Chen, D,, Ma, X,, Li, C,, Zhang, W, Xia, G., and Wang, M. (2014). A wheat
aminocyclopropane-1-carboxylate oxidase gene, TaACOI, negatively regulates
salinity stress in Arabidopsis thaliana. Plant Cell Rep. 33, 1815-1827. doi:
10.1007/500299-014-1659-7

Chialva, M., De Rose, S., Novero, M., Lanfranco, L., and Bonfante, P. (2021).
Plant genotype and seasonality drive fine changes in olive root microbiota. Curr.
Plant Biol. 28, 100219. doi: 10.1016/j.cpb.2021.100219

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

Cimato, A., Castelli, S., Tattini, M., and Traversi, M. L. (2010). An
ecophysiological analysis of salinity tolerance in olive. Environ. Exp. Bot. 68,
214-221. doi: 10.1016/j.envexpbot.2009.12.006

Frontiers in Plant Science

10.3389/fpls.2022.992395

Compant, S., van der Heijden, M. G. A., and Sessitsch, A. (2010). Climate change
effects on beneficial plant-microorganism interactions. FEMS Microbiol. Ecol. 73,
197-214. doi: 10.1111/j.1574-6941.2010.00900.x

Cregger, M. A,, Veach, A. M,, Yang, Z. K., Crouch, M. ], Vilgalys, R, Tuskan, G.
A., et al. (2018). The Populus holobiont: Dissecting the effects of plant niches and
genotype on the microbiome. Microbiome 6, 1-14. doi: 10.1186/540168-018-0413-8

Diez, C. M,, Trujillo, I, Martinez-Urdiroz, N., Barranco, D., Rallo, L., Marfil, P.,
et al. (2015). Olive domestication and diversification in the Mediterranean basin. N.
Phytol. 206, 436-447. doi: 10.1111/nph.13181

Di Martino, C., Delfine, S., Pizzuto, R., Loreto, F., and Fuggi, A. (2003). Free
amino acids and glycine betaine in leaf osmoregulation of spinach responding to
increasing salt stress. N. Phytol. 158, 455-463. doi: 10.1046/j.1469-
8137.2003.00770.x

Eberl, L., and Vandamme, P. (2016). Members of the genus burkholderia: Good
and bad guys [version 1; referees: 3 approved]. F1000Research 5, (F1000 Faculty
Rev) 1007. doi: 10.12688/F1000RESEARCH.8221.1

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

Estrada-De Los Santos, P., Bustillos-Cristales, R., and Caballero-Mellado, J.
(2001). Burkholderia, a genus rich in plant-associated nitrogen fixers with wide
environmental and geographic distribution. Appl. Environ. Microbiol. 67, 2790—
2798. doi: 10.1128/AEM.67.6.2790-2798.2001

Fausto, C., Mininni, A. N, Sofo, A., Crecchio, C., Scagliola, M., Dichio, B., et al.
(2018). Olive orchard microbiome: characterisation of bacterial communities in
soil-plant compartments and their comparison between sustainable and
conventional soil management systems. Plant Ecol. Divers. 11, 597-610.
doi: 10.1080/17550874.2019.1596172

Fernandez-Gonzalez, A. J., Villadas, P. J., Gomez-Lama Cabanas, C., Valverde-
Corredor, A., Belaj, A.,, Mercado-Blanco, J., et al. (2019). Defining the root
endosphere and rhizosphere microbiomes from the world olive germplasm
collection. Sci. Rep. 9, 1-13. doi: 10.1038/s41598-019-56977-9

Foster, Z. S. L., Sharpton, T. J., and Griinwald, N. J. (2017). Metacoder: An r
package for visualization and manipulation of community taxonomic diversity
data. PloS Comput. Biol. 13, €1005404. doi: 10.1371/journal.pcbi.1005404

Gamalero, E., Berta, G., Massa, N., Glick, B. R, and Lingua, G. (2010).
Interactions between Pseudomonas putida UW4 and Gigaspora rosea BEG9 and
their consequences for the growth of cucumber under salt-stress conditions. J. Appl.
Microbiol. 108, 236-245. doi: 10.1111/j.1365-2672.2009.04414.x

Gucci, R, Lombardini, L., and 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. doi: 10.1093/treephys/17.1.13

Hacquard, S., and Schadt, C. W. (2015). Towards a holistic understanding of the
beneficial interactions across the populus microbiome. N. Phytol. 205, 1424-1430.
doi: 10.1111/nph.13133

Hoagland, D. R, and Arnon, D. I. (1950). The water-culture method for growing
plants without soil. Circ. Calif. Agric. Exp. Stn., 347, 32.

Igbal, N., Umar, S., Khan, N. A,, and Khan, M. . R. (2014). A new perspective of
phytohormones in salinity tolerance: Regulation of proline metabolism. Environ.
Exp. Bot. 100, 34-42. doi: 10.1016/j.envexpbot.2013.12.006

Jha, Y., Subramanian, R. B., and 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. doi: 10.1007/s11738-010-0604-9

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next-generation sequencing-based diversity studies. Nucleic Acids Res. 41, e1-
el. doi: 10.1093/nar/gks808

Leopold, D. R., and Busby, P. E. (2020). Host genotype and colonist arrival order
jointly govern plant microbiome composition and function. Curr. Biol. 30, 3260—
3266. doi: 10.1016/j.cub.2020.06.011

Liaw, A., Wiener, M.others (2002). Classification and regression by
randomForest. R News 2, 18-22.

Lodewyckx, C., Vangronsveld, J., Porteous, F., Moore, E. R. B., Taghavi, S,,
Mezgeay, M., et al. (2002). Endophytic bacteria and their potential applications.
CRC. Crit. Rev. Plant Sci. 21, 583-606. doi: 10.1080/0735-260291044377

Loupassaki, M. H., Chartzoulakis, K. S., Digalaki, N. B., and Androulakis, I. 1.
(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. doi: 10.1081/PLN-120014707

frontiersin.org


https://doi.org/10.1016/j.jplph.2017.10.009
https://doi.org/10.1371/journal.pone.0132783
https://doi.org/10.3390/plants10020350
https://doi.org/10.1007/BF00018060
https://doi.org/10.1021/jf901490f
https://doi.org/10.1093/aob/mcx145
https://doi.org/10.1128/mSystems.00045-18
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.3390/agronomy11112154
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1007/s11103-016-0435-1
https://doi.org/10.5423/PPJ.OA.11.2015.0235
https://doi.org/10.1186/1471-2105-12-118
https://doi.org/10.1016/j.agwat.2005.04.025
https://doi.org/10.1016/j.agwat.2005.04.025
https://doi.org/10.1016/j.apsoil.2011.10.006
https://doi.org/10.1007/s00299-014-1659-7
https://doi.org/10.1016/j.cpb.2021.100219
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1016/j.envexpbot.2009.12.006
https://doi.org/10.1111/j.1574-6941.2010.00900.x
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1111/nph.13181
https://doi.org/10.1046/j.1469-8137.2003.00770.x
https://doi.org/10.1046/j.1469-8137.2003.00770.x
https://doi.org/10.12688/F1000RESEARCH.8221.1
https://doi.org/10.1093/nar/19.6.1349
https://doi.org/10.1128/AEM.67.6.2790-2798.2001
https://doi.org/10.1080/17550874.2019.1596172
https://doi.org/10.1038/s41598-019-56977-9
https://doi.org/10.1371/journal.pcbi.1005404
https://doi.org/10.1111/j.1365-2672.2009.04414.x
https://doi.org/10.1093/treephys/17.1.13
https://doi.org/10.1111/nph.13133
https://doi.org/10.1016/j.envexpbot.2013.12.006
https://doi.org/10.1007/s11738-010-0604-9
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1016/j.cub.2020.06.011
https://doi.org/10.1080/0735-260291044377
https://doi.org/10.1081/PLN-120014707
https://doi.org/10.3389/fpls.2022.992395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Vita et al.

Ma, H. C, Fung, L, Wang, S. S., Altman, A., and Hiittermann, A. (1997).
Photosynthetic response of populus euphratica to salt stress. For. Ecol. Manage. 93,
55-61. doi: 10.1016/S0378-1127(96)03943-6

Maggio, A., De Pascale, S., Fagnano, M., and Barbieri, G. (2011). Saline
agriculture in Mediterranean environments. Ital. J. Agron. 6, €7-¢7. doi: 10.4081/
ija.2011.e7

Malacrino, A., Mosca, S., Giulia, M., Destri, L., Schena, L., and Agosteo, G. E.
(2022). Plant Genotype Shapes the Bacterial Microbiome of Fruits, Leaves, and Soil
in Olive Plants. Plants 11, 613. doi: https://doi.org/10.3390/plants11050613

Marques, A. P. G. C, Pires, C., Moreira, H., Rangel, A. O. S. S., and Castro, P. M.
L. (2010). Assessment of the plant growth promotion abilities of six bacterial
isolates using zea mays as indicator plant. Soil Biol. Biochem. 42, 1229-1235. doi:
10.1016/j.50ilbi0.2010.04.014

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. J. 17, 10. doi: 10.14806/ej.17.1.200

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an r package for reproducible
interactive analysis and graphics of microbiome census data. PloS One 8, ¢61217.
doi: 10.1371/journal.pone.0061217

Mina, D., Pereira, J. A., Lino-Neto, T., and Baptista, P. (2020). Epiphytic and
endophytic bacteria on olive tree phyllosphere: Exploring tissue and cultivar effect.
Microb. Ecol. 80, 145-157. doi: 10.1007/500248-020-01488-8

Mora-Ruiz, M., del, R., Font-Verdera, F., Diaz-Gil, C., Urdiain, M., Rodriguez-
Valdecantos, G., et al. (2015). Moderate halophilic bacteria colonizing the
phylloplane of halophytes of the subfamily salicornioideae (Amaranthaceae).
Syst. Appl. Microbiol. 38, 406-416. doi: 10.1016/j.syapm.2015.05.004

Mousavi, S., la Rosa, R., Moukhli, A., El Riachy, M., Mariotti, R., Torres, M., et al.
(2019). Plasticity of fruit and oil traits in olive among different environments. Sci.
Rep. 9, 1-13. doi: 10.1038/s41598-019-53169-3

Miiller, H., Berg, C., Landa, B. B., Auerbach, A., Moissl-Eichinger, C., and Berg,
G. (2015). Plant genotype-specific archaeal and bacterial endophytes but similar
Bacillus antagonists colonize Mediterranean olive trees. Front. Microbiol. 6.
doi: 10.3389/fmicb.2015.00138

Navarro-Torre, S., Barcia-Piedras, J. M., Caviedes, M. A., Pajuelo, E., Redondo-
Gomez, S., Rodriguez-Llorente, I. D., et al. (2017). Bioaugmentation with bacteria
selected from the microbiome enhances Arthrocnemum macrostachyum metal
accumulation and tolerance. Mar. Pollut. Bull. 117, 340-347. doi: 10.1016/
j.marpolbul.2017.02.008

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,
et al. (2011). Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 12,
2825-2830.

Phour, M., and Sindhu, S. S. (2020). Amelioration of salinity stress and growth
stimulation of mustard (Brassica juncea 1.) by salt-tolerant Pseudomonas species.
Appl. Soil Ecol. 149, 103518. doi: 10.1016/j.aps0il.2020.103518

Qin, Y., Druzhinina, I. S., Pan, X,, and Yuan, Z. (2016). Microbially mediated
plant salt tolerance and microbiome-based solutions for saline agriculture.
Biotechnol. Adv. 34, 1245-1259. doi: 10.1016/j.biotechadv.2016.08.005

Redford, A.J., Bowers, R. M., Knight, R,, Linhart, Y., and Fierer, N. (2010). The
ecology of the phyllosphere: Geographic and phylogenetic variability in the
distribution of bacteria on tree leaves. Environ. Microbiol. 12, 2885-2893.
doi: 10.111 1/§.1462-2920.2010.02258 x

Regni, L., Del Pino, A. M., Mousavi, S., Palmerini, C. A., Baldoni, L., Mariotti, R.,
et al. (2019). Behavior of four olive cultivars during salt stress. Front. Plant Sci. 10.
doi: 10.3389/FPLS.2019.00867/FULL

Frontiers in Plant Science

19

10.3389/fpls.2022.992395

Riyazuddin, R., Verma, R,, Singh, K., Nisha, N., Keisham, M., Bhati, K. K., et al.
(2020). Ethylene: a master regulator of salinity stress tolerance in plants.
Biomolecules 10, 959. doi: 10.3390/biom10060959

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahe, F. (2016). VSEARCH:
A versatile open source tool for metagenomics. Peer] 4, €2584. doi: 10.7717/
peer;j.2584

Rossi, L., Francini, A., Minnocci, A., and Sebastiani, L. (2015). Salt stress
modifies apoplastic barriers in olive (Olea europaea 1.): a comparison between a
salt-tolerant and a salt-sensitive cultivar. Sci. Hortic. (Amsterdam). 192, 38-46. doi:
10.1016/j.scienta.2015.05.023

Serensen, J., and Sessitsch, A. (2007). Plant-associated bacteria lifestyle and
molecular interactions. Mod. Soil Microbiol. 2, 211-236.

Sarkar, A., Pramanik, K., Mitra, S., Soren, T., and Maiti, T. K. (2018).
Enhancement of growth and salt tolerance of rice seedlings by ACC deaminase-
producing Burkholderia sp. MTCC 12259. J. Plant Physiol. 231, 434-442. doi:
10.1016/j.jplph.2018.10.010

Segata, N, Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, 1-18.
doi: 10.1186/gb-2011-12-6-r60

Suarez-Moreno, Z. R., Caballero-Mellado, J., Coutinho, B. G., Mendonga-
Previato, L., James, E. K., and Venturi, V. (2012). Common features of
environmental and potentially beneficial plant-associated Burkholderia. Microb.
Ecol. 63, 249-266. doi: 10.1007/s00248-011-9929-1

Tattini, M., Traversi, M. L., and Mergar, J. C. (2008). Responses of olea europaea
to high salinity: a brief-ecophysiological-review. Adv. Hortic. Sci., 22, 159-173. doi:
10.1400/96418

Theocharis, A., Bordiec, S., Fernandez, O., Paquis, S., Dhondt-Cordelier, S.,
Baillieul, F., et al. (2012). Burkholderia phytofirmans PsJN primes vitis vinifera 1.
and confers a better tolerance to low nonfreezing temperatures. Mol. Plant-Microbe
Interact. 25, 241-249. doi: 10.1094/MPMI-05-11-0124

Tufail, M. A, Bejarano, A., Shakoor, A., Naeem, A., Arif, M. S,, Dar, A. A,, et al.
(2021). Can bacterial endophytes be used as a promising bio-inoculant for the
mitigation of salinity stress in crop plants?-A global meta-analysis of the last decade,
(2011>-2020). Microorganisms 9, 1861. doi: 10.3390/microorganisms9091861

Vannier, N., Mony, C., Bittebiére, A.-K., and Vandenkoornhuyse, P. (2015).
Epigenetic mechanisms and microbiota as a toolbox for plant phenotypic
adjustment to environment. Front. Plant Sci. 6, 1159. doi: 10.3389/fpls.2015.01159

Vergine, M., Meyer, J. B,, Cardinale, M., Sabella, E., Hartmann, M., Cherubini,
P., et al. (2019). The Xylella fastidiosa-resistant olive cultivar “Leccino” has stable
endophytic microbiota during the olive quick decline syndrome (OQDS).
Pathogens 9, 35. doi: 10.3390/pathogens9010035

Wellburn, A. 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, 307-313. doi: 10.1016/S0176-1617(11)81192-2

Yang, A., Akhtar, S. S,, Fu, Q., Naveed, M., Igbal, S., Roitsch, T., et al. (2020).
Burkholderia phytofirmans Ps]N stimulate growth and yield of quinoa under
salinity stress. Plants 9, 672. doi: 10.3390/plants9060672

Yang, F., Xiao, X, Zhang, S., Korpelainen, H., and Li, C. (2009). Salt stress
responses in Populus cathayana rehder. Plant Sci. 176, 669-677. doi: 10.1016/
j.plantsci.2009.02.008

Yao, L., Wu, Z., Zheng, Y., Kaleem, L, and Li, C. (2010). Growth promotion and
protection against salt stress by Pseudomonas putida rs-198 on cotton. Eur. J. Soil
Biol. 46, 49-54. doi: 10.1016/j.¢js0bi.2009.11.002

frontiersin.org


https://doi.org/10.1016/S0378-1127(96)03943-6
https://doi.org/10.4081/ija.2011.e7
https://doi.org/10.4081/ija.2011.e7
https://doi.org/https://doi.org/10.3390/plants11050613
https://doi.org/10.1016/j.soilbio.2010.04.014
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1007/S00248-020-01488-8
https://doi.org/10.1016/j.syapm.2015.05.004
https://doi.org/10.1038/s41598-019-53169-3
https://doi.org/10.3389/fmicb.2015.00138
https://doi.org/10.1016/j.marpolbul.2017.02.008
https://doi.org/10.1016/j.marpolbul.2017.02.008
https://doi.org/10.1016/j.apsoil.2020.103518
https://doi.org/10.1016/j.biotechadv.2016.08.005
https://doi.org/10.1111/j.1462-2920.2010.02258.x
https://doi.org/10.3389/FPLS.2019.00867/FULL
https://doi.org/10.3390/biom10060959
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.scienta.2015.05.023
https://doi.org/10.1016/j.jplph.2018.10.010
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1007/s00248-011-9929-1
https://doi.org/10.1400/96418
https://doi.org/10.1094/MPMI-05-11-0124
https://doi.org/10.3390/microorganisms9091861
https://doi.org/10.3389/fpls.2015.01159
https://doi.org/10.3390/pathogens9010035
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.3390/plants9060672
https://doi.org/10.1016/j.plantsci.2009.02.008
https://doi.org/10.1016/j.plantsci.2009.02.008
https://doi.org/10.1016/j.ejsobi.2009.11.002
https://doi.org/10.3389/fpls.2022.992395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Salt stress in olive tree shapes resident endophytic microbiota
	Introduction
	Materials and methods
	Experiment design and samples collection
	Chlorophyll and proline analysis
	DNA extraction and sequencing – NGS
	Assessment of microbial communities by QIIME2 pipeline
	Statistical analysis

	Results
	Chlorophyll, carotenoid and proline contents
	The endophytic bacteria community associated with olive leaves
	Impact of salt stress in microbial richness and composition

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


