
Aridity modulates belowground bacterial community
dynamics in olive tree

Ramona Marasco ,1* Marco Fusi ,2

Eleonora Rolli ,3 Besma Ettoumi ,3

Fulvia Tambone ,4 Sara Borin ,3

Hadda-Imene Ouzari ,5 Abdellatif Boudabous,5

Claudia Sorlini,3 Ameur Cherif,6 Fabrizio Adani4 and
Daniele Daffonchio 1*
1Biological and Environmental Sciences and
Engineering Division (BESE), King Abdullah University of
Science and Technology (KAUST), Thuwal,
Saudi Arabia.
2School of Applied Sciences, Edinburgh Napier
University, Edinburgh, UK.
3Department of Food, Environmental and Nutritional
Sciences (DeFENS), University of Milano, Milan, Italy.
4Department of Agricultural and Environmental Sciences
(DiSAA), Gruppo Ricicla Lab, University of Milano,
Milan, Italy.
5Laboratoire Microorganismes et Biomolécules Actives
(LR03ES03), Faculté des Sciences de Tunis, Université
Tunis El Manar, Tunis, Tunisia.
6Institut Supérieur de Biotechnologie Sidi Thabet
(ISBST), BVBGR-LR11ES31, Biotechpole Sidi Thabet,
University Manouba, Ariana, Tunisia.

Summary

Aridity negatively affects the diversity and abun-
dance of edaphic microbial communities and their
multiple ecosystem services, ultimately impacting
vegetation productivity and biotic interactions. Inves-
tigation about how plant-associated microbial com-
munities respond to increasing aridity is of particular
importance, especially in light of the global climate
change predictions. To assess the effect of aridity on
plant associated bacterial communities, we investi-
gated the diversity and co-occurrence of bacteria
associated with the bulk soil and the root system of
olive trees cultivated in orchards located in higher,

middle and lower arid regions of Tunisia. The results
indicated that the selective process mediated by the
plant root system is amplified with the increment of
aridity, defining distinct bacterial communities, domi-
nated by aridity-winner and aridity-loser bacteria neg-
atively and positively correlated with increasing
annual rainfall, respectively. Aridity regulated also
the co-occurrence interactions among bacteria by
determining specific modules enriched with one of
the two categories (aridity-winners or aridity-losers),
which included bacteria with multiple PGP functions
against aridity. Our findings provide new insights
into the process of bacterial assembly and interac-
tions with the host plant in response to aridity, con-
tributing to understand how the increasing aridity
predicted by climate changes may affect the resil-
ience of the plant holobiont.

Introduction

Scarcity and unpredictability of precipitations in drylands
impose strong constraints on plants’ physiology, affecting
their biodiversity and ecosystem multifunctionality
(Maestre et al., 2012; Valencia et al., 2015; Delgado-
Baquerizo et al., 2016; Nunes et al., 2017). The
persistence of vegetation in such ecosystems is highly
dependent on the capacity of the plant to use water, to
limit evapotranspiration and to overcome drought (Nunes
et al., 2017; Dörken et al., 2020; Welles and Funk, 2020;
Zogas et al., 2020), as well as to establish beneficial
interactions with the surrounding edaphic microbial com-
munities (Vandenkoornhuyse et al., 2015; Trivedi
et al., 2020). The interactions of microorganisms and
plants start in the rhizosphere, where a subset of the
edaphic microorganisms is selected (Hartmann
et al., 2009; Schlaeppi and Bulgarelli, 2015; Van Der
Heijden and Schlaeppi, 2015; S�anchez-Cañizares
et al., 2017); these microbes offer to the plant multiple
functions, such as nutrient recycling and solubilization, lit-
ter decomposition and plant growth promoting (PGP) ser-
vices (Caruso et al., 2011; Mapelli et al., 2012; Hassani
et al., 2018; Trivedi et al., 2020). Once associated to the
plant, the microorganisms act as an extension of the host
genotype able to rapidly respond to environmental
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changes (Zilber-Rosenberg and Rosenberg, 2008; Bar-
nard et al., 2013; Hardoim et al., 2015; Rosenberg
et al., 2016; Leung et al., 2020). For example, it has been
demonstrated that the adaptive responses of plant to
drought is mainly governed by the belowground microbial
communities and the rapid adaptation of microbial com-
munity to stressor (such as drought) increased the fitness
of the plant to the same stress (Lau and Lennon, 2012).
The ability of the microbiome to buffer plant response to
stressful environmental conditions has been observed in
several ecosystems, revealing how the interaction
between these two components (i.e., plant and associ-
ated microorganisms) consistently leads to better perfor-
mance of the holobiont (Rodriguez et al., 2008; Marasco
et al., 2012, 2016; Cherif et al., 2015; Vandenkoornhuyse
et al., 2015; Bang et al., 2018; Vigani et al., 2019; Alsharif
et al., 2020; Trivedi et al., 2020). This is also confirmed
by the fact that bacteria and fungi that carry bio-
fertilization, biopromotion and bioprotection capacities
are consistently recruited by the host, defining a ‘core
stress microbiome’ (Timm et al., 2018; Marasco
et al., 2018a; Mosqueira et al., 2019).
Aridity is commonly thought and has been demon-

strated to negatively impact such positive associations
among plant and edaphic microorganisms by reducing the
abundance and diversity of key microbial taxa typically
associated with soil fertility, with the consequence to
threat the ecosystem resilience and functioning (Maestre
et al., 2015; Delgado-Baquerizo et al., 2016; Neilson
et al., 2017; Karray et al., 2020). As recently shown by
Berdugo and colleagues (2020), these changes occur
sequentially, starting with vegetation decline and a soil
disruption phase, followed by the final systemic break-
down of the ecosystem. Such land degradation process
could potentially lead to extensive microbial phylotype
changes and local extinctions, drastically affecting the
microbial networking and the functioning of terrestrial eco-
systems (Delgado-Baquerizo et al., 2020a). Considering
that by 2100 more than 20% of the land will be progres-
sively exposed to an increase in aridity expected to nega-
tively affect both ecosystem multifunctionality (Delgado-
Baquerizo et al., 2016; Berdugo et al., 2020; Delgado-
Baquerizo et al., 2020b) and food production (Busby
et al., 2017; Toju et al., 2018; Alsharif et al., 2020; Singh

et al., 2020), the ecological understanding of microbiome
assembly in the plant root system under aridity stress is
pivotal to elucidate microbial recruitment patterns that
may enhance holobiont resilience to desertification
(Cheng et al., 2019; Rudgers et al., 2020).

In this study, we aimed to evaluate the recruitment and
selection of bacterial microbiome in the plant root system
under conditions of increasing aridity. We selected as a
model plant the olive tree (Olea europea L.), a crop able
to grow in a wide aridity range, from the semiarid ecosys-
tems of the Mediterranean basin, up to the pre-desertic
regions of the North Africa (Tunisia, Israel, Egypt; faostat.
com) and in the Arabic Peninsula (Al-Ruqaie
et al., 2016). We selected five locations devoted to olive
tree cultivation in Tunisia along a latitudinal gradient of
aridity encompassing higher, middle and lower arid biocli-
matic zones (Ben Ahmed et al., 2007; Gargouri
et al., 2012; Verner et al., 2018). We hypothesized that
(i) aridity acts as an environmental filter, affecting the
overall soil physical and chemical properties, and conse-
quently, the biodiversity and functional potential of the
bacterial community along the gradient; (ii) due to the
paucity of nutrient and microbial resources, the soil
reconditioning effect mediated by the olive root system
should be amplified by the increase of aridity; (iii) given
the effect of aridity on microbial communities’ diversity,
the microbiome assembly in the olive tree root system
should be particularly affected by taxa adapted to aridity
under the ongoing global changes.

Results

Aridity and chemical gradient along Tunisian olive
regions

We analysed five regions devoted to olive tree cultivation
over an almost 400 km North–South aridity transect that
encompassed higher (Zaghouan), middle (Chraitia and
Gafsa) and lower (Neffatia and Matmata) arid regions,
characterized by different amounts of rainfall per year
(Table 1; Figs S1 and S2). Olive tree cultivation in these
regions are managed by the application of traditional
‘desert farming’ techniques, including low tree density,
virtuous use of water for irrigation and application of

Table 1. List of stations identified along the North–South aridity transect; locations (or nearest by city), GPS position, bioclimatic zones and aridity
index are indicated.

Station Location Lat (N) Lon (E) Bioclimatic zones Aridity index

A Zaghouan 36�24036.000 10�09036.000 Higher-semiarid 0.17
B Chraitia 35�13048.000 10�02024.000 Higher-arid 0.43
C Gafsa 34�24012.200 8�41034.800 Higher-arid 0.58
D Matmata 33�33059.200 9�42059.900 Middle-arid 0.71
E Neffatia 33�15032.900 10�50017.300 Lower-arid 0.75
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organic fertilizers (Ben Abdallah et al., 2020) that allow
the cultivation of plants also in very harsh conditions
(Fig. S2). According to the physico-chemical analyses
performed on bulk soil and root surrounding soil
(Table S1), the studied olive orchards were characterized
by significantly different edaphic conditions
(PERMANOVA: F3,8 = 144.3, p = 0.001, Fig. 1A;
Table S2A), that were consistently modified by the activ-
ity of the olive root system (F4,16 = 14.51, p = 0.001;
Table S2B). As expected, the olive rhizosphere pres-
ented respect to the bulk soil: (i) significantly higher con-
centration of nutrients (N, P, K and Mg), organic matter
(OM) and carbon, (ii) significantly higher microbial activity
and (iii) significantly lower pH (Table S3). The rhizo-
sphere soil recondition process varied along the aridity
gradient (F3,16 = 25.8, p = 0.001; Fig. 1A). Notably,
physico-chemical variations in both bulk and root sur-
rounding soils followed a positive relationship with the
annual rainfall (bulk soil: R2 = 0.69, p < 0.0001 and root
surrounding soils: R2 = 0.72, p < 0.0001; Fig. 1B and C),
showing an effect of aridity on the soil. The rate of rainfall
was positively correlated with soil OM, total N, total
organic C, exchange sodium percentage, cation
exchange capacity and soil respiration (Fig. 1D), all com-
ponents that play key roles in the formation and persis-
tence of soil fertility and water retention (Schlesinger and
Andrews, 2000; Darilek et al., 2009).

Distribution of bacterial members associated with olive
trees’ root system

Out of the 2849 bacterial operational taxonomic units
(OTUs) detected (Table S4), a limited number was classi-
fied as abundant (>1% of relative abundance: 1.7%,
0.5%, 0.2% and 0.3% of OTUs in root tissues, rhizo-
sphere, root surrounding soil and bulk soil, respectively),
while a grand majority of OTUs were rare (<0.1% of rela-
tive abundance: 86%, 93%, 92% and 91% of OTUs,
respectively; Fig. S3A–D). We plotted occupancy of
OTUs versus their average relative abundance and a
positive relationship was detected in all compartments
(black circles in Fig. 2A; relative abundance of single
OTUs in Fig. S3E,F): while OTUs with low abundance
had low occupancy, those with high abundance showed
high occupancy and were detected across the entire arid-
ity gradient, suggesting a common mechanism to shape
the bacterial community in olive root systems and
orchards. Nevertheless, we found that the OTUs showed
a different occupancy–frequency distribution in the four
compartments: root tissues had a bimodal pattern distri-
bution strongly skewed to the left of the plot (i.e., most
species found in a single sample), while the rhizosphere
and root surrounding soils had an increased number of
taxa that occurred in all the sites (Fig. 2A). Notably, bulk

soils were the only ones showing specific spikes of occu-
pancy in concomitance with location changes (Fig. 2A),
indicating a strong local-specificity of edaphic bacterial
community hosted by olive orchards.

Recruitment and selection of olive tree root system
associated bacterial communities from the soils

Alpha diversity (Shannon index and richness) significantly
varied along the compartments (ANOVA, Shannon index:
F3,56 = 109.5, p < 0.0001 and richness: F3,56 = 80.88,
p < 0.0001; Table 2); a sequential decrement was
observed from bulk soil to the rhizosphere and the soil sur-
rounding the roots, except for the nutrient-rich soil of
Zaghouan subjected to a lower level of aridity, in which all
the edaphic bacterial communities had similar alpha diver-
sity (Table 2). The lowest alpha diversity values were con-
sistently measured in the root tissues (Table 2) where the
edaphic recruitment mediated by plant culminates (Van
Der Heijden and Schlaeppi, 2015). The number of local-
OTUs shared among all four fractions ranged from 6% to
13%, and OTUs present only in the plant-affected soil (rhi-
zosphere and root surrounding soil) ranged between 39%
and 59% of OTUs. All together these OTUs accounted for
84%–94% of the bacterial relative abundance (Fig. S4).
Subsets of compartment-specific OTUs were also found
with a consistent decremental trend from root surrounding
soil (specific-OTUs, 5%–14%) to rhizosphere (2%–6%)
and root tissues (0.6%–3%), suggesting that the root sys-
tems and the olive orchard soils act as specialized niches
for specific taxa. Since the bacterial abundance in the rhi-
zosphere was relatively higher than in the bulk soil
(in average, 1.1 � 109 and 2.7 � 107 CFU g�1 of soil,
respectively; Table S5), we believe that the microbial com-
munity assembly in olive tree soil-endosphere
continuum follows a selection-amplification model (Wang
et al., 2020). The niche partitioning mediated by the root
system was clearly reflected in the taxonomic distribution
of the major taxa (Fig. 2B). While phylogenetically hetero-
geneous communities were detected in the different
edaphic compartments (rhizosphere, root surrounding soil
and bulk soil), Actinobacteria, Alphaproteobacteria
and Gammaproteobacteria dominated the endophytic
communities.

Variation of olive tree’s root system microbiome along
the aridity gradient

We examined the similarity among the structure of bacte-
rial communities associated with olive trees’ root system
and bulk soil (beta-diversity), adopting Bray–Curtis
(BC) similarity distance measure. The results revealed
that the four compartments harboured significantly dis-
tinct bacterial communities, consistently detected in all
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the olive orchards (PERMANOVA: F15,40 = 10.41,
p = 0.001; Fig. 3A; Table S6) and explaining up to 47%
of the variation observed. Despite the association
between olive tree and bacteria was established in a sim-
ilar manner in the five locations, the distribution pattern of
samples in the ordination space of PCoA showed a dif-
ferentiation along the aridity gradient with significant dif-
ferences among locations (F4,40 = 12.76, p = 0.001;
variation explained, 26%; Table S6). In line with the high
environmental heterogeneity of the aridity gradient—
mainly associated with variation in precipitation—a signif-
icant decrease of similarity among bacterial communities
was found as a function of rainfall decay within each
compartment but with a different extent (ANCOVA:
F3,412 = 3.1, p = 0.028): the greatest rate of decay was
observed in bulk soils, followed by root surrounding soil,
rhizosphere and root tissues (Fig. S5).

Olive tree’s rhizosphere effect along the aridity gradient

We observed a significantly different level of the so-called
‘rhizospheric effect’ along the aridity gradient: the rhizo-
sphere bacterial communities from olive grown in
Zaghouan—with higher annual rainfall and more fertile
soil—were more similar to those of bulk soil (BC-similar-
ity, 68.8%), while the bacterial communities of Neffatia
olive trees’ rhizospheres and related bulk soils were more
distant among each other’s (BC-similarity, 43.7%;
Fig. 3B); Chraitia, Gafsa and Matmata showed an inter-
mediate similarity among rhizospheres and bulk soils,
with BC-similarity of 63.1%, 63.8% and 53.8% respec-
tively. Although the rhizosphere effect showed different
levels of intensity along the aridity gradients, the separa-
tion between bulk soil and rhizosphere in the PCoA ordi-
nation space was mainly along the axes PC2 for all the
olive trees (Fig. S7), confirming that plant recruitment
and selection processes in the rhizosphere are
established in a similar manner but with different extent.
We investigated if the variation in the magnitude of ‘rhi-

zosphere effect’ could be attributed to a differential
OTU’s enrichment/depletion between bulk soil and rhizo-
sphere. In line with the multivariate analysis, the number
of bacterial OTUs significantly enriched/depleted in the
Zaghouan rhizosphere was lower than in orchards with
reduced rainfall, such as the one of Neffatia and the other
locations, along the whole gradient of fold-changes
tested (Fig. 3C and D). For instance, at a threshold of
log2-fold change (adjusted p-value < 0.001), we found
that 13.7% and 9.2% of bacterial OTUs were affected
(enriched and depleted) in Neffatia and Zaghouan olive
rhizospheres respectively (Fig. 3D). This trend was also
observed in the root surrounding soil with a moderate
extent (Fig. 3E).F

ig
1.

E
da

ph
ic

ph
ys
ic
o-
ch

em
ic
al

co
nd

iti
on

s
al
on

g
th
e
ar
id
ity

tr
an

se
ct
.

A
.P

rin
ci
pa

lc
oo

rd
in
at
es

an
al
ys
is

(P
C
oA

)
vi
su

al
iz
es

th
e
si
m
ila
rit
y
am

on
g
or
ch

ar
ds

’
bu

lk
so

il
an

d
ol
iv
e
ro
ot

su
rr
ou

nd
in
g
so

il
al
on

g
th
e
ar
id
ity

tr
an

se
ct

ba
se

d
on

E
uc

lid
ea

n
di
st
an

ce
m
at
rix

;n
ot
e,

so
ils

fr
om

M
at
m
at
a
or
ch

ar
d
w
er
e
no

ta
va

ila
bl
e
fo
r
ph

ys
ic
o-
ch

em
ic
al

an
al
ys
is
.

B
an

d
C
.
P
re
ci
pi
ta
tio

n
de

ca
y
pa

tte
rn
s
of

bu
lk

so
il
an

d
ro
ot

su
rr
ou

nd
in
g
so

ils
,
re
sp

ec
tiv
el
y,

sh
ow

in
g
th
e
re
la
tio

ns
hi
ps

be
tw
ee

n
di
ffe

re
nc

es
in

an
nu

al
ra
in
fa
ll
an

d
th
e
di
ve

rs
ity

of
ph

ys
ic
o-
ch

em
ic
al

pr
op

er
ty

as
E
uc

lid
ea

n
di
st
an

ce
;t
he

re
la
tio

ns
hi
p
is

te
st
ed

by
a
lin
ea

r
re
gr
es

si
on

(R
2
)
w
ith

a
si
gn

ifi
ca

nc
e
pr
ob

ab
ili
ty

es
tim

at
e
(p
-v
al
ue

).
D
.
P
ea

rs
on

co
rr
el
at
io
n
am

on
g
ra
in
fa
ll
an

d
ph

ys
ic
o-
ch

em
ic
al

co
m
po

ne
nt
s
of

so
ils
;
si
gn

ifi
ca

nt
co

rr
el
at
io
n
is

in
di
ca

te
d
w
ith

st
ar
s:

*,
p
<
0.
05

;
**
,
p
<
0.
01

;
**
*,
p
<
0.
00

1;
R
S
S
:
ro
ot

su
rr
ou

nd
in
g
so

il,
C
E
C
:
ca

tio
n
ex

ch
an

ge
ca

pa
ci
ty
,
E
S
P
:
ex

ch
an

ge
so

di
um

pe
rc
en

ta
ge

,
T
N
:
to
ta
l
N
,
T
O
C
:
to
ta
l
or
ga

ni
c
ca

rb
on

,
O
M
:
or
ga

ni
c
m
at
te
r,

D
O
C
:
di
ss
ol
ve

d
or
ga

ni
c
ca

rb
on

,
S
oi
lR
es

p1
:
so

il
re
sp

ira
tio

n
ex

pr
es

se
d
as

m
g
C
O

2
pe

r
g
of

dr
y
so

il,
S
oi
lR
es

p2
:s

oi
lr
es

pi
ra
tio

n
ex

pr
es

se
d
as

m
g
C
O

2
pe

r
g
of

T
O
C
.[
C
ol
or

fi
gu

re
ca

n
be

vi
ew

ed
at

w
ile
yo

nl
in
el
ib
ra
ry
.c
om

]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology

4 R. Marasco et al.

http://wileyonlinelibrary.com


Aridity-winners and aridity-losers: how aridity affects the
plant–soil feedbacks

We investigated the distribution of OTUs along the aridity
gradient by evaluating their relative abundance in func-
tion of annual rainfall. We found that the distribution of
121 and 381 bacterial taxa was negatively (Spearman-
ρ < �0.5) and positively (ρ > 0.5) correlated with precipi-
tation, respectively (Fig. 4A and B; Table S7), as the sum
of their relative abundance (R2 = 0.83, p < 0.0001 and
R2 = 0.66, p < 0.0001; Fig. 4C and D). These relations
revealed that taxa colonizing olive trees’ root systems
and orchard bulk soils have different environmental pref-
erences (i.e., amount of rain) along the aridity gradient,
acting as aridity-winners and aridity-losers, respectively
(sensu from Delgado-Baquerizo et al., 2020a). In particu-
lar, among the aridity-winners, we found multiple OTUs
belonging to Actinobacteria (36%), Thermoleophilia
(23%), Chloroflexi (11%), Alphaproteobacteria (8%) and
Bacilli (5%) classes (Fig. 4A; Table S7). On the contrary,
the aridity-losers (i.e., poorly adapted to low precipita-
tions) were mainly affiliated to Acidobacteria (20%),
Phycisphaerae (16%), Rubrobacteria (11%),
Alphaproteobacteria (9%) Blastocatellia (8%),

Gemmatimonadetes (8%) Gammaproteobacteria and
Verrucomicrobiae (5% each one; Fig. 4B; Table S7).
Functional profiles associated with the members of the
aridity-winner and aridity-loser categories were also
inferred by the bacterial 16S rRNA gene sequence data.
The variations of predicted metabolic pathways was sig-
nificantly different among the two categories (manyglm:
F1,88 = 139.8, p = 0.001), with the xenobiotics
(p = 0.001), other secondary metabolites (p = 0.001),
terpenoids and polyketides (p = 0.003), and glycan
(p = 0.007) metabolisms explaining such difference.
Considering only PGP traits, such as enzyme-encoding
genes putatively involved in activities of biofertilization
[nitrogen metabolism, phosphate solubilization and side-
rophore synthesis] and biostimulation [auxin production,
1-aminocyclopropane-1-carboxylic acid deaminase
(ACCd) activity and volatile organic compounds (VOCs)
production], aridity-winner and aridity-loser taxa carried
distinct traits (F1,88 = 49.91, p = 0.001); biofertilization
activities were significantly enriched among aridity-loser
bacteria (Mann–Whitney test, p < 0.05), while bio-
stimulation related traits were equally distributed among
the two bacterial categories (p > 0.05).

Fig 2. Occupancy–frequency distribution of OTUs in olive orchards across the aridity transect.
A. Number of OTUs is reported in function of their occupancy expressed as number of samples where they are detected; number of OTUs are
indicated by the left y-axis. Black circles indicate relative abundance of OTUs (percentage of total sequences) for each occupancy; relative abun-
dances are indicated by the right y-axis. The number of samples is given by the x-axis; maximum occupancy, n = 15.
B. Bar charts show the relative abundance of the main bacterial classes associated with root tissues, rhizosphere, root surrounding soil of olive
trees and orchard bulk soils along the aridity transect; bacterial taxa belong to classes with relative abundance <1% are reported as ‘Others’.
[Color figure can be viewed at wileyonlinelibrary.com]
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We further investigated the PGP potential of cultivable
bacteria isolated from the two extreme sites of the aridity
gradient, Zaghouan and Neffatia. We isolated a total of
264 and 208 bacterial strains from the olive tree root sys-
tems (i.e., root tissues, rhizosphere and root surrounding
soil) and orchards bulk soil in Zaghouan and Neffatia
respectively (Table S8). By comparing the 16S rRNA gene
sequences of the bacterial isolates with those of OTUs, we
detected that 32% and 50% of bacterial isolates can be cat-
egorized as aridity-winner in Zaghouan and Neffatia,
respectively, while the remaining portion was generalist;
any of the bacterial isolates were categorized as aridity-
loser category (Fig. 4E and F). This result was in accor-
dance with the strategy of cultivation used in which oligotro-
phic media favoured the selection of stress-tolerant
bacteria, such as Actinobacteria (Arthrobacter, Micro-
bacterium and Streptomyces) and Bacilli (Bacillus,
Paenibacillus and Terribacillus), while rich media allowed
the proliferation of generalist bacteria, including Prote-
obacteria and Bacteroidetes. The PGP potential of the iso-
lates has been also evaluated by in vitro tests, attributing a
final PGP score based on the number and level of PGP-
related activities. Bacterial isolates showed a PGP-score
ranging from 4 to 15, with consistently higher PGP-score
values within the aridity-winner category compared with
generalist bacteria (Zaghouan: t1,117 = 5.91, p < 0.0001
and Neffatia: t1,113 = 3.13, p = 0.002). Aridity-winners
showed a wide range of PGP-related functions, including
release of auxin, solubilization of phosphate and iron, fixa-
tion of nitrogen, production of EPS and release of ammonia
(Fig. 4E and F).

Effect of aridity on bacterial interactions within
communities associated with the olive tree belowground

We built a single co-occurrence network between the
members of the bacterial communities associated with
olive trees’ root systems and orchard bulk soils along the

entire aridity gradient. We found that bacteria were
grouped into six main independent modules (Fig. 5A;
Table S9). The six modules were composed by 50% bac-
terial nodes computed in the co-occurrence network:
15.3% (Module F), 10.8% (Module D), 7.4% (Module A),
6.2% (Module C), 5.4% (Module E) and 5% (Module B).
Based on the OTUs aridity distribution (aridity-winners
and aridity-losers; Fig. 4A and B), we analysed the com-
position of bacterial nodes in each module. Module A
was dominated by aridity-winners (73%), Module B
showed 50% of nodes categorized as aridity-winners and
50% as aridity-losers, while the remaining Modules C–F
were mainly composed by aridity-losers (72%, 93%, 95%
and 100%, respectively; Fig. 5B). Such distribution was
significantly related with the region annual rainfall: Mod-
ules A and B were negatively related with rain (aridity-tol-
erant modules), while Modules D, E and F were
positively related with it (aridity-sensitive modules); Mod-
ule C did not show any significant relation with precipita-
tion (p = 0.13; Fig. S7). Within each module, we
investigated the taxonomic diversity of members that may
respond in a similar manner to the aridity (Barber�an
et al., 2012). For instance, aridity-sensitive modules (D, E
and F) were mainly composed by bacterial taxa belong to
Acidobacteria (Acidobacteriia, Blastocatellia, Holophagae
and Subgroup 6), Planctomycetes (Phycisphaerae and Pla-
nctomycetacia), Gemmatimonadetes (Gemmatimonadetes
and Longimicrobia), Verrucomicrobiae, Bacteroidia,
Alphaproteobacteria and Gammaproteobacteria (Fig. 5C),
carrying important PGP activities relevant in soil-fertility and
plant fitness, such as P solubilization, N fixation and VOCs
release (Fig. 5D), while within aridity-tolerant modules
(A and B) we mainly detect members of Actinobacteria
(Frankiales and Micrococcales) and Thermoleophila (Sol-
irubrobacterales and Gaiellales) involved in biopromotion
activities [auxin production and VOCs release; Fig. 5C and
D]. Based on these results, we supposed that any modifica-
tion of the climatic conditions (e.g., drought extent) may

Table 2. Alpha diversity of bacterial communities associated with olive tree root systems (root tissues, rhizosphere, root surrounding soil) and
orchards’ bulk soil.

Alpha diversity Location Root tissue Rhizosphere RSS Bulk soil

Richness Zaghouan 342 � 51a 1398 � 50b 1434 � 11b 1390 � 15b
Chaiatia 269 � 90a 1697 � 116b 1920 � 48bc 2057 � 210c
Gafsa 205 � 86a 1225 � 154b 1675 � 344bc 1683 � 124c
Matmata 333 � 23a 1383 � 153b 1581 � 431bc 1830 � 17c
Neffatia 213 � 20a 877 � 147b 1283 � 416bc 1337 � 156c

Shannon index Zaghouan 3.32 � 0.45a 5.92 � 0.06b 5.94 � 0.05b 5.93 � 0b
Chaiatia 2.94 � 0.23a 5.82 � 0.47b 6.6 � 0.13c 6.51 � 0.01c
Gafsa 3.28 � 0.5a 5.26 � 0.25b 6.04 � 0.47bc 6.11 � 0c
Matmata 4.45 � 0.13a 5.68 � 0.27b 6.24 � 0.26c 6.47 � 0.01c
Neffatia 3.8 � 0.23a 5.1 � 0.1b 5.71 � 0.45bc 5.7 � 0.01c

Values are expressed as average � standard deviation (n = 3). Different lowercase letters denote significant mean difference in alpha diversity
among compartments based on the pairwise Tukey’s test at p-value < 0.05.
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affect the abundance of the aridity-loser bacteria with possi-
ble disruption of their networking, i.e., aridity-sensitive
Modules D, E and F. However, it is important to note that
within these modules (except F) we detected also a limited
number of aridity-winner bacteria that compose the rare
microbiome of the less-arid olive orchard of Zaghouan.

Discussion

Soils of arid and semi-arid regions—approximately one-
third of the planet’s surface (Laity, 2009)—are character-
ized by water deficiency that restricts plant and microbial
activity (Maestre et al., 2015; Neilson et al., 2017;
Ochoa-Hueso et al., 2018; Shi et al., 2020). Due to cur-
rent changes in climate (i.e., reduced rainfall, increasing
drought and temperature), these areas are projected to

increase in size by the end of this century (Huang
et al., 2015). These changes in water availability can
have profound and drastic impacts on vegetation, soil
microbiomes and ecosystem functioning (Berdugo
et al., 2020). In this study, we evaluated the belowground
plant–soil feedbacks—intended as interactions among
plants, edaphic bacterial community and abiotic soil
conditions—along a North–South aridity gradient in
Tunisia using olive tree (O. europea L. cv. Chemlali) as
model plant, selected for its tolerance to drought events
and the large diffusion of its cultivation in arid and semi-
arid ecosystems throughout the Mediterranean basin and
Arabian Peninsula (Gargouri et al., 2012). Here, we
showed in a field-based observational study that the bac-
terial communities associated with olive tree root systems
and orchard bulk soils are significantly influenced by the

Fig 3. Beta-diversity and rhizosphere effect.
A. Principal coordinates analysis (PCoA) shows the diversity of bacterial communities according to compartment and location.
B. Heat map reports Bray–Curtis similarity values among bacterial community hosted by bulk soil and olive root system (RT: root tissues, RH: rhi-
zosphere, RSS: root surrounding soil).
C. Depleted (left side) and enriched (right side) OTUs in the rhizosphere compared with bulk soil are reported for Neffatia (orange) and Zaghouan
(green). Only OTUs which have a log2-normalized average read count and p-value <0.01 are included and plotted as dots. In the x-axis are
reported the log2-fold change values, while in y-axis the number of OTUs showing such log2-fold change values.
D and E. Percentage of enriched and depleted OTUs (log2-fold change value >2) in the rhizosphere and root surrounding soil (RSS) compared
with bulk soil, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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level of aridity, offering new information regarding the pro-
cess by which plant-associated bacterial communities
respond to rainfall changes in a desert-farming
landscape.
Arid and semi-arid environments—receiving no more

than 100–500 mm of annual rain—are characterized by
low levels of soil nutrients and OM, poor soil structure,
high salinity and reduced water-holding capacity that
result in frequent drought events and loss of fertility
(Maestre et al., 2015; Naylor and Coleman-Derr, 2018).

Along the aridity gradient studied, the annual average
precipitation received by the olive orchards was signifi-
cantly related to several physico-chemical soil attributes,
such as pH, nutrient level, OM, cation exchange capacity
and soil respiration; all of which are considered important
attributes to assess soil health and fertility, especially
when considering soil capacity to support plant growth
(Mader, 2002; Bünemann et al., 2018). Along with the
effect of aridity, orchard soils are consistently influenced
and modified by the rhizosphere effect mediated by the

Fig 4. Aridity-winner and aridity-loser bacteria associated with olive trees’ root systems and orchard soils.
A and B. Taxonomic affiliation of bacterial OTUs negative (Spearman-ρ < �0.5, p < 0.01) and positive (ρ > 0.5, p < 0.01) correlated with rain,
therefore indicated as aridity-winners and aridity-losers, respectively.
C and D. Relation between precipitation (rain, mm) and total relative abundance of aridity-winners and aridity -loser, respectively.
E and F. PGP potential and abiotic stress resistance of cultivable bacteria isolated from Neffatia and Zaghouan respectively. Taxonomic affiliation
and aridity category are also reported. [Color figure can be viewed at wileyonlinelibrary.com]
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olive trees (van Dam and Bouwmeester, 2016). This pro-
cess modulates the plant–soil feedbacks by modifying
the soil physico-chemical conditions and creating a
favourable niche for edaphic microorganisms (Hartmann
et al., 2009). As expected, we found that the rhizosphere
effect was an important driver of modifications in soil
physico-chemical conditions and microbial communities’
diversity in the olive root rhizosphere and surrounding soil
along the entire aridity gradient. However, the entity of
the rhizosphere-recondition was differentially displayed in
the different transect sites sampled and was in particular
amplified by the aridity: we detected that the rhizosphere
microbiome of olive trees growing in the most arid region
of Neffatia significantly differed from soil communities at
a greater extent than those of olive trees in the semi-arid
region of Zaghouan. It is known that the rhizosphere
effect has an important role in the plant response to envi-
ronmental change (Gargallo-Garriga et al., 2018; Hu
et al., 2018; Zhalnina et al., 2018). For instance, during
water limitation (e.g., 150 mm of annual rain in Neffatia),
plants alter the structure of root system architecture and
rhizosphere metabolomes (Preece and Peñuelas, 2016;
Gargallo-Garriga et al., 2018; Preece et al., 2018; Xu
et al., 2018; Williams and de Vries, 2020). All these
changes driven by water availability have complex effects
on the microbial communities associated with soil and
plants by altering their composition and diversity (Naylor
et al., 2017; Santos-Medellín et al., 2017; Fitzpatrick
et al., 2018; Naylor and Coleman-Derr, 2018). In particu-
lar, it was observed that drought and aridity drive the
enrichment of Gram-positive bacteria (oligotrophic phyla,
such as members of Firmicutes, Chloroflexi and
Actinobacteria) and the depletion of Gram-negative (cop-
iotrophic phyla, including Bacteroidetes, Planctomycetes,
Acidobacteria and Verrucomicrobia) with a conserved
pattern among plants species and soils from all conti-
nents (Maestre et al., 2015; Preece and Peñuelas, 2016;
Neilson et al., 2017; Naylor and Coleman-Derr, 2018;
Karray et al., 2020). These shifts in the soil and plant root
microbiomes (Figs 2 and 3) are mainly caused by
changes in the taxa relative abundance, rather than their
abolition/appearance (Naylor and Coleman-Derr, 2018).
Despite we used an amplicon sequencing approach and
we are unable to show the absolute abundance of spe-
cies occurrences, we found that the relative abundance
of certain bacterial taxa is influenced by local precipita-
tion: while 5% of taxa were negatively associated with
precipitation along the aridity gradient (aridity-winner
taxa), 14% was positively related to it (aridity-loser taxa).
Based on their distribution and co-occurrence pattern
(Figs 4 and 5), we hypothesized that these two bacterial
categories have different lifestyles and functions and are
ad hoc selected based on the environmental conditions.
For instance, aridity-winners are dominated by

Actinobacteria (Actinobacteria, Thermoleophilia and
unclassified Actinobacteria), Chloroflexi and Firmicutes
(Bacilli); they are known for their persistence in dryland,
hyper-arid desert and desert (Angel et al., 2013; Maestre
et al., 2015; Schulze-Makuch et al., 2018; Marasco
et al., 2018b; Willing et al., 2020), and for their physiologi-
cal capacity to survive under drought/aridity conditions; e.
g., given by thicker cell wall, formation of endospores
and synthesis of osmolytes (Raddadi et al., 2012; Steven-
son and Hallsworth, 2014; Makhalanyane et al., 2015). On
the contrary, among aridity-losers we found taxa from multi-
ple phyla, such as Acidobacteria (Acidimicrobiia, unclassi-
fied Acidobacteria, Blastocatellia), Planctomycetes
(Phycisphaerae), Verrucomicrobiae,Gammaproteobacteria,
along with Rubrobacteria and Gemmatimonadetes (Fig. 4).
These bacteria are of fundamental importance to the quality
and fertility of soil, such soil OM decomposition, degradation
of plant-derived polymers, nutrient cycling, plant
biopromotion and protection against abiotic and biotic
stresses (Holmes et al., 2000; Marasco et al., 2012; Rolli
et al., 2015, 2017; Banerjee et al., 2016; Soussi
et al., 2016; Dedysh and Ivanova, 2019; Ivanova
et al., 2020). Notably, it was recently proposed that the
structural variations in the soil and root-associated microbial
communities induced by aridity/drought are mainly aimed at
the selection of microbial assemblages adapted to abiotic
stress with the recruitment of beneficial microorganisms
able to tolerate perturbation (Xu et al., 2018) and enhance
host tolerance to water stress (Goh et al., 2013; Fitzpatrick
et al., 2018; Araya et al., 2020; Simmons et al., 2020; Wil-
liams and de Vries, 2020; Willing et al., 2020). For example,
Bacillus spp., Paenibacillus spp. and Actinobacteria
selected in arid ecosystem are recognized to increase
drought resistance in several plants, both arboreal (date
palm, grapevine) and herbaceous species (pepper, soy-
bean, tomato, maize), through production of plant hormones
and biochemical activity that help to mitigate water stress
(Marasco et al., 2012; Yaish et al., 2015; Soussi
et al., 2016; Vigani et al., 2019; Alsharif et al., 2020;
Ayangbenro and Babalola, 2021).

Taxa distribution along the aridity gradient highlights
the risk that the plant holobiont can be negatively
affected by the predicted scenario of climate changes, i.
e., decrease in precipitation, increase in temperature and
frequency of drought events (Huang et al., 2015), espe-
cially in those environments that are already semi-arid/
arid, such as the sites in Tunisia studied here (Verner
et al., 2018), because taxa may change their abundance
and distribution based on their aridity preferences. Fol-
lowing the distribution pattern described here, the mem-
bers of aridity-loser category are more sensitive to
disturbances (i.e., decrease in precipitation) and will tend
to reduce their abundance under increasing aridity. As
well, aridity can change their relative contribution to the
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network by affecting aridity-sensitive modules (Barber�an
et al., 2012); these repercussions on microbial network
stability may further impact plant–soil feedbacks and
plant fitness by affecting the provision of essential eco-
system functions and services (Kaisermann et al., 2017;
Neilson et al., 2017; de Vries et al., 2018).
Despite it is possible suppose that ecosystems domi-

nated by aridity-loser taxa (Zaghouan) may be more
prone to stressful conditions due to climatic events than
other sites, such as Neffatia, it is important to underline
that bacterial communities associated with olive tree root
system are also characterized by a great portion of taxa
with low relative abundance (‘rare biosphere’; Fig. 2),
including certain aridity-winner taxa. As observed in sev-
eral ecosystems, the presence of a highly diverse rare
biosphere is typical of resilient bacterial communities in
which the ecosystem functioning redundancy is conferred
by the many species having intermediate/low relative
abundances, which can potentially overcome possible
environmental changes and stressors that can be sub-
optimal or detrimental for the dominant species (Lynch
and Neufeld, 2015; Jousset et al., 2017). These dynam-
ics, in a condition of further increasing aridity, could
induce the aridity-winner rare taxa to be vicariant and
replace the loss of dominant members (aridity-losers),
ultimately maintaining the provision of the necessary eco-
system functions to the plant holobiont under intensifying
environmental changes and stresses. This suggests a
possible form of resilience in the plant-associated micro-
biome that represents an important resource for olive tree
cultivation under exacerbated climatic conditions.
While it is pivotal the protection of the environment

from desertification, the knowledge of selection dynamics
of drought-resistant bacterial communities and their inter-
action with plant can identify suitable nature-based solu-
tions to favour plant resilience and soil multifunctionality,
especially in arid and semi-arid ecosystems. Our study
shows that aridity determines changes in the plant-
microbial community composition and interactions by
modulating the distribution of aridity-tolerant (winner) and
aridity-susceptible (loser) bacterial taxa. Taking into
account the role of bacteria in the ecosystem functioning
of terrestrial ecosystems (among others, carbon and
nutrient cycling, and plant productivity), any modification
in the community assembly and interactions due to
increasing aridity can have drastic repercussion on the
entire ecosystem.

Experimental procedures

Site description and sampling

A North–South aridity transect was identified in Tunisia. It
was composed by five locations that encompass different

climatic conditions (Table 1; Fig. S1); aridity values were
obtained from the package R Envirem (Title and
Bemmels, 2017) while annual precipitation from the
WordClim dataset (Fick and Hijmans, 2017) both at the
resolution of 1 km2 and mapped using the package raster
ad ggmap (Kahle and Wickham, 2013) in R. Monthly
temperature (�C) and rainfall (mm) were obtained from
climate knowledgeportal.worldbank.org (average data
from 1991 to 2016) and visualized using heat-map in
GraphPad Prism 8. Within each location, traditional olive
orchards were identified (Fig. S2) and three olive trees
(O. europea L. cv. Chemlali) were randomly selected as
representative of the cultivation; the three plants shared
the same soil type within the orchard. As indicated by the
owner of the plantations, all the sampled plants were in
production with age ranging from 20 to 30 years and
were self-rooted. The permission for samples’ collection
was obtained by the private owner of the olive orchards.
Occurrences of olive tree cultivation in Tunisia were col-
lected from GBIF database (https://www.gbif.org) and
visualized in R using the package rgbif (Chamberlain
et al., 2016).

Samples of olive roots were collected at 20–40 cm
depth where the root system was denser. The soil that
surrounded the root system and bulk soil 4 m far from
olive trees were also collected. All soils and roots sam-
ples were collected under sterile conditions using sterile
tools. Recovered samples were stored at �20�C for
chemical and nucleic acid analyses, and at 4�C for micro-
biological isolation.

Soil physico-chemical analysis

The olive trees’ root surrounding soil and orchards’ bulk
soils were collected and bring in the laboratory for
physico-chemical analyses. Soils were air-dried, sieved
at 20 mm and then grinded to 2 mm, and further charac-
terized for total organic carbon (TOC) and total nitrogen
(TN) contents, available phosphorous (P), cation
exchange capacity (CEC), exchange sodium percentage
(ESP) and pH by using soil science procedures
(Faithfull, 2002). Exchangeable cations (K, Ca, Mg, Na)
were extracted by BaCl2-triethanolamine solution
(pH 8.1) and determined by inductively coupled plasma
mass spectrometry (Varian, Fort Collins, USA). OM was
calculated from TOC. Soil respiration was measured by
trapping with alkali the CO2 produced during soils incuba-
tion at 20�C in the laboratory for 21 days (ISO
16072:2002 Soil quality—Laboratory methods for deter-
mination of microbial soil respiration). Final data were
reported both on the basis of dry soil (soil respiration 1)
and TOC (soil respiration 2). For dissolved organic car-
bon (DOC), 100 g of soil was extracted with 200 ml of
deionized water (soil/water ratio of 1:2, w/v) at 20�C for
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30 min under agitation (130 times min�1). After the extrac-
tion, samples were centrifuged for 15 min at 6500 r min�1.
Then supernatants were filtered with 0.45 μm Millipore
membrane (Advantec MFS, Pleasanton, CA) and DOC
determined by dichromate method. All the analyses were
performed in triplicate. Note, Matmata soils were not avail-
able to perform physico-chemical analyses. The physico-
chemical tables containing the data from bulk soils and
root surrounding soils of the four sites were normalized
and used to create a resemblance matrix using the Euclid-
ean distance in PRIMER (Anderson et al., 2008). We used
such matrix to perform the Principal Coordinate Analysis
(PCoA) and to perform correlation with rainfall decay. Simi-
lar percentage (SIMPER) analysis was run to identifying
the contribution of the soil physico-chemical variables to
the Euclidean distance metric between root surrounding
soil and orchard bulk soil. Correlation among physico-
chemical variables and annual rainfall was also evaluated
(Person, p-value <0.01).

DNA extraction

In the laboratory, the portion of root system collected was
processed in order to separate the rhizospheric soil from

the root tissues as described in Mapelli and col-
leagues (2018). Briefly, the roots were placed in sterile
tubes with 9 ml of physiological solution (9 g l�1 NaCl),
vortexed for 5 min and centrifuged at 4000 rpm for 5 min;
the supernatant was discarded and the rhizosphere col-
lected. A total of 0.5 � 0.1 g of the rhizospheric soil, root
surrounding soils and bulk soils were used to extract the
total DNA, using the FastDNA SPIN Kit for Soil (BIO
101 Systems Q-BIO gene; CA, USA) following the manu-
facturer instruction. In case of the root tissues, they were
first sterilized with ethanol and hypochlorite (Cherif
et al., 2015) and further smashed with liquid nitrogen.
One (�0.2) g of root tissues powder was used to extract
the DNA, adopting the hot CTAB procedure using 1 g of
grind root sample (Khan et al., 2007). The quality and the
size of the extracted DNA were checked by electrophore-
sis on 0.8% agarose gels. DNA was quantified using
NanoDrop 1000 spectrophotometer (Thermo Scientific,
Waltham, MA).

DNA amplification, library preparation and sequencing

Bacterial 16S rRNA gene fragments (�450 pb) were PCR-
amplified using primers 375F and 795R primers targeting

Fig 5. Co-occurrence correlation network of the microbiome associated with olive trees and orchard ecosystems. A. Diagram of co-occurrence
bacterial network with nodes coloured by their belonging to the different modules. B. Characterization of the taxa within each module is also
reported, along with (C) the node categorization in aridity-categories (aridity-winner and aridity-loser) and (D) their predicted PGP services. Taxa
are coloured following the colour-code reported in Fig. 2. [Color figure can be viewed at wileyonlinelibrary.com]
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the hypervariable V3-V4 regions at Macrogen
(South Korea). Raw sequences were analysed with QIIME
pipeline, including paired-end merging, quality filtering, trim-
ming and dereplication, of the sequences (Caporaso
et al., 2010) as described by Booth and colleagues (2019).
Chloroplast and mitochondria-classified OTUs were dis-
carded and non-prevalent OTUs with relative abundance
<0.001% were filtered out. We obtained a total of 1 165 425
high-quality sequences from the root system compartments
(root tissues, 128 051; rhizosphere, 345 824 and root sur-
rounding soil, 365 263) of olive trees and bulk soils
(326 287; Table S4). These reads were clustered into a total
of 2849 bacterial OTUs (cut-off of 97% as sequence iden-
tity), with bulk soil, rhizosphere, root surrounding soil and
root tissues harbouring 2654, 2807, 2815 and 1010 OTUs
respectively (Table S4). Raw reads have been deposited in
the Short Reads Archive of NCBI under BioProject ID
PRJNA748566.

Bacterial diversity and statistical analysis

The bacterial OTUs table was used to calculate alpha diver-
sity indices (Shannon diversity and richness) in R using the
Phyloseq package. Occupancy–abundance curves were
generated by calculating the number of samples in which a
certain OTU was detected and its total relative abundance,
along with the number of OTUs present at each level
of occupancy. The OTUs shared among different compart-
ments in each olive orchard were defined by a
Venn-diagram analysis in R. Beta-diversity of bacterial com-
munities was analysed using the compositional BC similarity
matrix of the relative log-transformed OTUs-table in
PRIMER 6 (Anderson et al., 2008). The BC-similarity matrix
was used to perform the unconstrained analysis of PCoA
and permutational multivariate analyses of variance
(PERMANOVA) to statistically test the impact of each
experimental factors: ‘Compartment’ (four levels: root tis-
sues, rhizosphere, root surrounding root and bulk soil) and
‘Location’ (five levels: Zaghouan, Chraitia, Gafsa, Matmata
and Neffatia) defined as fixed. PERMANOVA pair-wise
tests were also conducted to evaluate the effect of ‘Loca-
tion’ and ‘Compartment’ in each site. Average similarity (%)
was used to quantify the ‘rhizosphere effect’ driven by olive
root system along the aridity gradient. OTUs were tested for
differential abundance (enrichment and depletion; log2-fold
change) between rhizosphere and bulk soil, and root sur-
rounding soil and bulk soil was calculated using DEseq2
package in R (Love et al., 2014). We finally evaluated the
effect of precipitation on the relative abundance of all OTUs
using Spearman correlation (p < 0.01) in GraphPad Prism
8; using the definition proposed by Delgado-Baquerizo and
colleagues (2020a), OTUs positively correlated with rain
(Spearman-ρ > 0.5; negatively correlated with aridity) were

defined ‘aridity-losers’, the ones negatively correlated with
rain (Spearman-ρ < �0.5; positively correlated with aridity)
were defined ‘aridity-winners’, and the ones that did not
show significant correlation (p > 0.01 or Spearman-
ρ > �0.5 and <0.5) were considered generalist (i.e., their
abundance is not influenced by aridity).

Bacterial PGP potential associated with olive trees and
orchard soils

The OTUs table was used to predict the functional poten-
tial of bacterial communities using PICRUSt2 (Douglas
et al., 2020). It generated a relative abundance of KEGG
orthology (KO) groups associated with each sample
depending on matches between the representative OTUs
sequences and the KEGG organisms. Among KEEG
pathways, we analysed the predicted genes related to
metabolic pathways, along with the ones involved in the
PGP mechanisms (Marasco et al., 2018a). To select the
significant variable that accounts for the variability
between winner and loser we did use a multivariate gen-
eralized linear analysis using the package R manyglm
(Wang et al., 2012). In addition, bacterial cultivation was
also conducted; 1 g of sterile root tissues, rhizosphere,
surrounding root soil and bulk soil samples were shaken
with 9 ml of sterile physiological solution (9 g l�1 NaCl).
The suspensions were serially diluted and plated in tripli-
cate on solidified King’s medium B (KB), R2A medium
(Oxoid) and R2A with 500 mM NaCl. The colony-forming
units (CFUs) for gram were determined. Cultivable bacte-
ria from Zaghouan and Neffatia were further selected for
identification and PGP screening; for each location,
approximately 20 strains per medium per fraction were
randomly selected, purified, dereplicated and identified,
following the procedures described in Marasco
et al. (2012). The sequences of the partial 16S rRNA
genes for isolates were deposited in the GeneBank data-
base under the accession numbers MZ600270–
MZ600503. To evaluate the presence and role of bacte-
rial isolates in the total community, 16S rRNA sequences
of the isolates were blasted against aridity-winner, arid-
ity-loser and generalist OTU sequences, using as thresh-
old per cent of identity above 97% and coverage over
95% (Marasco et al., 2018a). The obtained strains were
further test in vitro for their PGP activities, including phos-
phate solubilization, siderophore release, nitrogen fixa-
tion, ammonia production, auxin (indole-3-acetic acid)
production, protease activity and exopolysaccharide
release, along with tolerance to abiotic stresses (temper-
ature: 4�C, 42�C and 50�C; salinity: 5%, 8% and 10%
NaCl; osmotic stress: 10% and 20% of Polyethylene gly-
col) as described by Marasco and colleagues (2012).
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Co-occurrence network of bacterial community

We built a correlation network between the bacterial phy-
lotypes that showed an average relative abundance
higher than 0.01% by calculating all pairwise Spearman
correlation coefficients among these bacterial taxa in
Conet (Faust and Raes, 2016). We kept exclusively posi-
tive correlations with Spearman’s correlation coefficient
ρ > 0.5 and p < 0.01 in order to provide information on
microbial taxa that may respond robustly and similarly to
environmental conditions (i.e., aridity), as previously
described (Barber�an et al., 2012; Barber�an and
Casamayor, 2014; Delgado-Baquerizo et al., 2018). This
led to a network with 1000 co-occurrences and 406 nodes
(over 1447). The co-occurrence network was visualized
with Gephi (Bastian et al., 2009) and default parameters
were used to identify modules of soil taxa strongly inter-
acting with each other; only modules accounting for at
least for 5% of OTUs were considered in the further ana-
lyses, while the remaining ones (n = 58) composed by
few bacteria (average, 3.5 nodes each module) were not
considered (full list in Table S9). Sum of relative abun-
dances of OTUs belong to each module was calculated
and used to evaluate module-OTUs distribution in func-
tion of the annual rain (mm).

Acknowledgements

This research was supported by the EU project BIODESERT
(European Community’s Seventh Framework Programme
CSA-SA REGPOT-2008-2 under Grant agreement
No. 245746), King Abdullah University of Science and Tech-
nology through the baseline research funds to DD. ER and
SB thank funding from the European Union’s Horizon 2020
research and innovation programme under the Marie
Sklodowska-Curie Grant agreement No. 841317, for the pro-
ject ‘SENSE’.

References

Al-Ruqaie, I., Al-Khalifah, N.S., and Shanavaskhan, A.E.
(2016) Morphological cladistic analysis of eight popular
olive (Olea europaea L.) cultivars grown in Saudi Arabia
using numerical taxonomic system for personal computer
to detect phyletic relationship and their proximate fruit
composition. Saudi J Biol Sci 23: 115–121.

Alsharif, W., Saad, M.M., and Hirt, H. (2020) Desert
microbes for boosting sustainable agriculture in extreme
environments. Front Microbiol 11: 1666.

Anderson, M.M.J.J., Gorley, R.N.R.N., and Clarke, K.R.R.
(2008) PERMANOVA + for PRIMER: Guide to Software
and Statistical Methods. Plymouth, UK: PRIMER-E.

Angel, R., Pasternak, Z., Soares, M.I.M., Conrad, R., and
Gillor, O. (2013) Active and total prokaryotic communities
in dryland soils. FEMS Microbiol Ecol 86: 130–138.

Araya, J.P., Gonz�alez, M., Cardinale, M., Schnell, S., and
Stoll, A. (2020) Microbiome dynamics associated with the
Atacama flowering desert. Front Microbiol 10: 1–13.

Ayangbenro A.S., and Babalola O.O. (2021). Reclamation of
arid and semi-arid soils: The role of plant growth-
promoting archaea and bacteria. Curr Plant Bio, 25:
100173.

Banerjee, S., Kirkby, C.A., Schmutter, D., Bissett, A.,
Kirkegaard, J.A., and Richardson, A.E. (2016) Network
analysis reveals functional redundancy and keystone taxa
amongst bacterial and fungal communities during organic
matter decomposition in an arable soil. Soil Biol Biochem
97: 188–198.

Bang, C., Dagan, T., Deines, P., Dubilier, N., Duschl, W.J.,
Fraune, S., et al. (2018) Metaorganisms in extreme envi-
ronments: do microbes play a role in organismal adapta-
tion? Fortschr Zool 127: 1–19.

Barber�an, A., Bates, S.T., Casamayor, E.O., and Fierer, N.
(2012) Using network analysis to explore co-occurrence
patterns in soil microbial communities. ISME J 6:
343–351.

Barber�an, A., and Casamayor, E.O. (2014) A phylogenetic
perspective on species diversity, β-diversity and biogeog-
raphy for the microbial world. Mol Ecol 23: 5868–5876.

Barnard, R.L., Osborne, C.A., and Firestone, M.K. (2013)
Responses of soil bacterial and fungal communities to
extreme desiccation and rewetting. ISME J 7: 2229–2241.

Bastian, M., Heymann, S., and Jacomy, M. (2009) Gephi: an
open source software for exploring and manipulating net-
works. Third Int AAAI Conf Weblogs Soc Media 8:
361–362.

Ben Abdallah, S., Elfkih, S., Su�arez-Rey, E.M., Parra-
L�opez, C., and Romero-G�amez, M. (2020) Evaluation of
the environmental sustainability in the olive growing sys-
tems in Tunisia. J Clean Prod 282: 124526.

Ben Ahmed, C., Ben Rouina, B., and Boukhris, M. (2007)
Effects of water deficit on olive trees cv. Chemlali under
field conditions in arid region in Tunisia. Sci Hortic
(Amsterdam) 113: 267–277.

Berdugo, M., Delgado-Baquerizo, M., Soliveres, S.,
Hern�andez-Clemente, R., Zhao, Y., Gait�an, J.J., et al.
(2020) Global ecosystem thresholds driven by aridity. Sci-
ence 367: 787–790.

Booth, J.M.J.M., Fusi, M., Marasco, R., Mbobo, T., and
Daffonchio, D. (2019) Fiddler crab bioturbation determines
consistent changes in bacterial communities across con-
trasting environmental conditions. Sci Rep 9: 3749.

Bünemann, E.K., Bongiorno, G., Bai, Z., Creamer, R.E., De
Deyn, G., de Goede, R., et al. (2018) Soil quality – a criti-
cal review. Soil Biol Biochem 120: 105–125.

Busby, P.E., Soman, C., Wagner, M.R., Friesen, M.L.,
Kremer, J., Bennett, A., et al. (2017) Research priorities
for harnessing plant microbiomes in sustainable agricul-
ture. PLoS Biol 15: 1–14.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335–336.

Caruso, T., Chan, Y., Lacap, D.C., Lau, M.C.Y., McKay, C.
P., and Pointing, S.B. (2011) Stochastic and deterministic

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology

Aridity tunes rhizosphere effect 13



processes interact in the assembly of desert microbial
communities on a global scale. ISME J 5: 1406–1413.

Chamberlain, S., Ram, K., Barve, V., Mcglinn, D., and
Chamberlain, M.S. (2016) Package ‘rgbif’.

Cheng, Y.T., Zhang, L., and He, S.Y. (2019) Plant-microbe
interactions facing environmental challenge. Cell Host
Microbe 26: 183–192.

Cherif, H., Marasco, R., Rolli, E., Ferjani, R., Fusi, M.,
Soussi, A., et al. (2015) Oasis desert farming selects
environment-specific date palm root endophytic communi-
ties and cultivable bacteria that promote resistance to
drought. Environ Microbiol Rep 7: 668–678.

van Dam, N.M., and Bouwmeester, H.J. (2016) Met-
abolomics in the rhizosphere: tapping into belowground
chemical communication. Trends Plant Sci 21: 256–265.

Darilek, J.L., Huang, B., Wang, Z., Qi, Y., Zhao, Y., Sun, W.,
et al. (2009) Changes in soil fertility parameters and the
environmental effects in a rapidly developing region of
China. Agric Ecosyst Environ 129: 286–292.

Dedysh, S.N., and Ivanova, A.A. (2019) Planctomycetes in
boreal and subarctic wetlands: diversity patterns and
potential ecological functions. FEMS Microbiol Ecol 95:
1–10.

Delgado-Baquerizo, M., Doulcier, G., Eldridge, D.J.,
Stouffer, D.B., Maestre, F.T., Wang, J., et al. (2020a)
Increases in aridity lead to drastic shifts in the assembly of
dryland complex microbial networks. Land Degrad Dev
31: 346–355.

Delgado-Baquerizo, M., Maestre, F.T., Reich, P.B.,
Jeffries, T.C., Gaitan, J.J., Encinar, D., et al. (2016) Micro-
bial diversity drives multifunctionality in terrestrial ecosys-
tems. Nat Commun 7: 10541.

Delgado-Baquerizo, M., Reich, P.B., Trivedi, C., Eldridge, D.
J., Abades, S., Alfaro, F.D., et al. (2020b) Multiple ele-
ments of soil biodiversity drive ecosystem functions across
biomes. Nat Ecol Evol 4: 210–220.

Delgado-Baquerizo, M., Reith, F., Dennis, P.G.,
Hamonts, K., Powell, J.R., Young, A., et al. (2018) Ecolog-
ical drivers of soil microbial diversity and soil biological
networks in the Southern Hemisphere. Ecology 99:
583–596.

Dörken, V.M., Ladd, P.G., and Parsons, R.F. (2020) Anatom-
ical aspects of xeromorphy in arid-adapted plants of
Australia. Aust J Bot 68: 245–266.

Douglas, G.M., Maffei, V.J., Zaneveld, J.R., Yurgel, S.N.,
Brown, J.R., Taylor, C.M., et al. (2020) PICRUSt2 for pre-
diction of metagenome functions. Nat Biotechnol 38:
685–688.

Faithfull, N.T. (2002) Methods in Agricultural Chemical Anal-
ysis: A Practical Handbook: Wallingford, UK: Cabi.

Faust, K., and Raes, J. (2016) CoNet app: inference of bio-
logical association networks using Cytoscape.
F1000Research 5: 1519.

Fick, S.E., and Hijmans, R.J. (2017) WorldClim 2: new 1-km
spatial resolution climate surfaces for global land areas.
Int J Climatol 37: 4302–4315.

Fitzpatrick, C.R., Copeland, J., Wang, P.W., Guttman, D.S.,
Kotanen, P.M., and Johnson, M.T.J. (2018) Assembly and
ecological function of the root microbiome across angio-
sperm plant species. Proc Natl Acad Sci 115: E1157–
E1165.

Gargallo-Garriga, A., Preece, C., Sardans, J., Oravec, M.,
Urban, O., and Peñuelas, J. (2018) Root exudate met-
abolomes change under drought and show limited capac-
ity for recovery. Sci Rep 8: 1–15.

Gargouri, K., Bentaher, H., and Rhouma, A. (2012) A novel
method to assess drought stress of olive tree. Agron Sus-
tain Dev 32: 735–745.

Goh, C.-H., Veliz Vallejos, D.F., Nicotra, A.B., and
Mathesius, U. (2013) The impact of beneficial plant-
associated microbes on plant phenotypic plasticity.
J Chem Ecol 39: 826–839.

Hardoim, P.R., van Overbeek, L.S., Berg, G., Pirttilä, A.M.,
Compant, S., Campisano, A., et al. (2015) The hidden
world within plants: ecological and evolutionary consider-
ations for defining functioning of microbial endophytes.
Microbiol Mol Biol Rev 79: 293–320.

Hartmann, A., Schmid, M., van Tuinen, D., and Berg, G.
(2009) Plant-driven selection of microbes. Plant and Soil
321: 235–257.

Hassani, M.A., Dur�an, P., and Hacquard, S. (2018) Microbial
interactions within the plant holobiont. Microbiome 6: 58.

Holmes, A.J., Bowyer, J., Holley, M.P., O’Donoghue, M.,
Montgomery, M., and Gillings, M.R. (2000) Diverse, yet-to-
be-cultured members of the Rubrobacter subdivision of
the Actinobacteria are widespread in Australian arid soils.
FEMS Microbiol Ecol 33: 111–120.

Hu, L., Robert, C.A.M., Cadot, S., Zhang, X., Ye, M., Li, B.,
et al. (2018) Root exudate metabolites drive plant-soil
feedbacks on growth and defense by shaping the rhizo-
sphere microbiota. Nat Commun 9: 2738.

Huang, J., Yu, H., Guan, X., Wang, G., and Guo, R. (2015)
Accelerated dryland expansion under climate change. Nat
Clim Change 6: 166–171.

Ivanova, A.A., Zhelezova, A.D., Chernov, T.I., and
Dedysh, S.N. (2020) Linking ecology and systematics of
acidobacteria: distinct habitat preferences of the
Acidobacteriia and Blastocatellia in tundra soils. PLoS
One 15: 1–19.

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L.,
Gobet, A., Kurm, V., et al. (2017) Where less may be
more: how the rare biosphere pulls ecosystems strings.
ISME J 11: 853–862.

Kahle, D., and Wickham, H. (2013) ggmap: spatial visualiza-
tion with ggplot2. R J 5: 144–161.

Kaisermann, A., de Vries, F.T., Griffiths, R.I., and
Bardgett, R.D. (2017) Legacy effects of drought on plant-
soil feedbacks and plant-plant interactions. New Phytol
215: 1413–1424.

Karray, F., Gargouri, M., Chebaane, A., Mhiri, N., Mliki, A., and
Sayadi, S. (2020) Climatic aridity gradient modulates the diver-
sity of the rhizosphere and endosphere bacterial microbiomes
of Opuntia ficus-indica. Front Microbiol 11: 1622.

Khan, S., Qureshi, M.I., Kamaluddin, M., Alam, T., and
Abdin, M.Z. (2007) Protocol for isolation of genomic DNA
from dry and fresh roots of medicinal plants suitable for
RAPD and restriction digestion. Afr J Biotechnol 6: 175–178.

Laity, J.J. (2009) Deserts and desert environment. John
Wiley & Sons.

Lau, J.a., and Lennon, J.T. (2012) Rapid responses of soil
microorganisms improve plant fitness in novel environ-
ments. Proc Natl Acad Sci 109: 14058–14062.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology

14 R. Marasco et al.



Leung, P.M., Bay, S.K., Meier, D.V., Chiri, E., Cowan, D.A.,
Gillor, O., et al. (2020) Energetic basis of microbial growth
and persistence in desert ecosystems. mSystems 5:
1–14.

Love, M.I., Huber, W., and Anders, S. (2014) Moderated esti-
mation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol 15: 550.

Lynch, M.D.J., and Neufeld, J.D. (2015) Ecology and explo-
ration of the rare biosphere. Nat Rev Microbiol 13:
217–229.

Mader, P. (2002) Soil fertility and biodiversity in organic
farming. Science 296: 1694–1697.

Maestre, F.T., Delgado-Baquerizo, M., Jeffries, T.C.,
Eldridge, D.J., Ochoa, V., Gozalo, B., et al. (2015)
Increasing aridity reduces soil microbial diversity and
abundance in global drylands. Proc Natl Acad Sci U S A
112: 15684–15689.

Maestre, F.T., Quero, J.L., Gotelli, N.J., Escudero, A.,
Ochoa, V., Delgado-Baquerizo, M., et al. (2012) Plant spe-
cies richness and ecosystem multifunctionality in global
drylands. Science 335: 214–218.

Makhalanyane, T.P., Valverde, A., Gunnigle, E.,
Frossard, A., Ramond, J.-B., and Cowan, D.A. (2015)
Microbial ecology of hot desert edaphic systems. FEMS
Microbiol Rev 39: 203–221.

Mapelli, F., Marasco, R., Balloi, A., Rolli, E., Cappitelli, F.,
Daffonchio, D., and Borin, S. (2012) Mineral–microbe
interactions: biotechnological potential of bioweathering.
J Biotechnol 157: 473–481.

Mapelli, F., Marasco, R., Fusi, M., Scaglia, B., Tsiamis, G.,
Rolli, E., et al. (2018) The stage of soil development mod-
ulates rhizosphere effect along a High Arctic desert
chronosequence. ISME J 12: 1188–1198.

Marasco, R., Mapelli, F., Rolli, E., Mosqueira, M.J., Fusi, M.,
Bariselli, P., et al. (2016) Salicornia strobilacea (synonym
of Halocnemum strobilaceum) grown under different tidal
regimes selects rhizosphere bacteria capable of promoting
plant growth. Front Microbiol 7: 1286.

Marasco, R., Mosqueira, M.J., Fusi, M., Ramond, J.,
Merlino, G., Booth, J.M., et al. (2018b) Rhizosheath micro-
bial community assembly of sympatric desert
speargrasses is independent of the plant host. Micro-
biome 6: 215.

Marasco, R., Rolli, E., Ettoumi, B., Vigani, G., Mapelli, F.,
Borin, S., et al. (2012) A drought resistance-promoting
microbiome is selected by root system under desert farm-
ing. PLoS One 7: e48479.

Marasco, R., Rolli, E., Fusi, M., Michoud, G., and
Daffonchio, D. (2018a) Grapevine rootstocks shape
underground bacterial microbiome and networking but not
potential functionality. Microbiome 6: 3.

Mosqueira, M.J.M.J., Marasco, R., Fusi, M., Michoud, G.,
Merlino, G., Cherif, A., and Daffonchio, D. (2019) Consistent
bacterial selection by date palm root system across hetero-
geneous desert oasis agroecosystems. Sci Rep 9: 4033.

Naylor, D., and Coleman-Derr, D. (2018) Drought stress and
root-associated bacterial communities. Front Plant Sci 8:
1–16.

Naylor, D., Degraaf, S., Purdom, E., and Coleman-Derr, D.
(2017) Drought and host selection influence bacterial

community dynamics in the grass root microbiome. ISME
J 11: 2691–2704.

Neilson, J.W., Califf, K., Cardona, C., Copeland, A., van
Treuren, W., Josephson, K.L., et al. (2017) Significant
impacts of increasing aridity on the arid soil microbiome.
mSystems 2: 1–15.

Nunes, A., Köbel, M., Pinho, P., Matos, P., de Bello, F.,
Correia, O., and Branquinho, C. (2017) Which plant traits
respond to aridity? A critical step to assess functional
diversity in Mediterranean drylands. Agric For Meteorol
239: 176–184.

Ochoa-Hueso, R., Eldridge, D.J., Delgado-Baquerizo, M.,
Soliveres, S., Bowker, M.A., Gross, N., et al. (2018) Soil
fungal abundance and plant functional traits drive fertile
island formation in global drylands. J Ecol 106: 242–253.

Preece, C., Farré-Armengol, G., Llusià, J., and Peñuelas, J.
(2018) Thirsty tree roots exude more carbon. Tree Physiol
38: 690–695.

Preece, C., and Peñuelas, J. (2016) Rhizodeposition under
drought and consequences for soil communities and eco-
system resilience. Plant Soil 409: 1–17.

Raddadi, N., Crotti, E., Rolli, E., Marasco, R., Fava, F., and
Daffonchio, D. (2012) The most important Bacillus species
in biotechnology. In Bacillus thuringiensis Biotechnology,
pp. 329–345. Dordrecht: Springer Netherlands.

Rodriguez, R.J., Henson, J., Van Volkenburgh, E., Hoy, M.,
Wright, L., Beckwith, F., et al. (2008) Stress tolerance in
plants via habitat-adapted symbiosis. ISME J 2: 404–416.

Rolli, E., Marasco, R., Saderi, S., Corretto, E., Mapelli, F.,
Cherif, A., et al. (2017) Root-associated bacteria promote
grapevine growth: from the laboratory to the field. Plant
Soil 410: 369–382.

Rolli, E., Marasco, R., Vigani, G., Ettoumi, B., Mapelli, F.,
Deangelis, M.L., et al. (2015) Improved plant resistance to
drought is promoted by the root-associated microbiome as a
water stress-dependent trait. Environ Microbiol 17: 316–331.

Rosenberg, E., Zilber-Rosenberg, I., Manwani, D.,
Mortha, A., Xu, C., Faith, J., et al. (2016) Microbes drive
evolution of animals and plants: the hologenome concept.
mBio 7: e01395.

Rudgers, J.A., Afkhami, M.E., Bell-Dereske, L., Chung, Y.A.,
Crawford, K.M., Kivlin, S.N., et al. (2020) Climate disrup-
tion of plant-microbe interactions. Annu Rev Ecol Evol
Syst 51: 561–586.

S�anchez-Cañizares, C., Jorrín, B., Poole, P.S., and
Tkacz, A. (2017) Understanding the holobiont: the
interdependence of plants and their microbiome. Curr
Opin Microbiol 38: 188–196.

Santos-Medellín, C., Edwards, J., Liechty, Z., Nguyen, B.,
and Sundaresan, V. (2017) Drought stress results in a
compartment-specific restructuring of the rice root-
associated microbiomes. mBio 8: e00764.

Schlaeppi, K., and Bulgarelli, D. (2015) The plant micro-
biome at work. Mol Plant Microbe Interact 28: 212–217.

Schlesinger, W.H., and Andrews, J.A. (2000) Soil respiration
and the global carbon cycle. Biogeochemistry 48: 7–20.

Schulze-Makuch, D., Wagner, D., Kounaves, S.P.,
Mangelsdorf, K., Devine, K.G., de Vera, J.-P., et al. (2018)
Transitory microbial habitat in the hyperarid Atacama
Desert. Proc Natl Acad Sci 115: 2670–2675.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology

Aridity tunes rhizosphere effect 15



Shi, Y., Delgado-Baquerizo, M., Li, Y., Yang, Y., Zhu, Y.G.,
Peñuelas, J., and Chu, H. (2020) Abundance of kinless
hubs within soil microbial networks are associated with
high functional potential in agricultural ecosystems. Envi-
ron Int 142: 105869.

Simmons, T., Styer, A.B., Pierroz, G., Gonçalves, A.P.,
Pasricha, R., Hazra, A.B., et al. (2020) Drought drives
spatial variation in the Millet root microbiome. Front Plant
Sci 11: 1–13.

Singh, B.K., Trivedi, P., Egidi, E., Macdonald, C.A., and
Delgado-Baquerizo, M. (2020) Crop microbiome and sus-
tainable agriculture. Nat Rev Microbiol 18: 601–602.

Soussi, A., Ferjani, R., Marasco, R., Guesmi, A., Cherif, H.,
Rolli, E., et al. (2016) Plant-associated microbiomes in arid
lands: diversity, ecology and biotechnological potential.
Plant Soil 405: 357–370.

Stevenson, A., and Hallsworth, J.E. (2014) Water and tem-
perature relations of soil Actinobacteria. Environ Microbiol
Rep 6: 744–755.

Timm, C.M., Carter, K.R., Carrell, A.A., Jun, S., Jawdy, S.S.,
Vélez, J.M., et al. (2018) Abiotic stresses shift below-
ground Populus-associated bacteria toward a core stress
microbiome. mSystems 3: 1–17.

Title, P.O., and Bemmels, J.B. (2017) ENVIREM: an
expanded set of bioclimatic and topographic variables
increases flexibility and improves performance of ecologi-
cal niche modeling. Ecography 41: 291–307.

Toju, H., Peay, K.G., Yamamichi, M., Narisawa, K.,
Hiruma, K., Naito, K., et al. (2018) Core microbiomes for
sustainable agroecosystems. Nat Plants 4: 247–257.

Trivedi, P., Leach, J.E., Tringe, S.G., Sa, T., and Singh, B.K.
(2020) Plant–microbiome interactions: from community
assembly to plant health. Nat Rev Microbiol 18: 607–621.

Valencia, E., Maestre, F.T., Le Bagousse-Pinguet, Y.,
Quero, J.L., Tamme, R., Börger, L., et al. (2015) Func-
tional diversity enhances the resistance of ecosystem mul-
tifunctionality to aridity in Mediterranean drylands. New
Phytol 206: 660–671.

Van Der Heijden, M.G.A.A., and Schlaeppi, K. (2015) Root
surface as a frontier for plant microbiome research. Proc
Natl Acad Sci U S A 112: 2299–2300.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A.,
and Dufresne, A. (2015) The importance of the microbiome
of the plant holobiont. New Phytol 206: 1196–1206.

Verner, D., Treguer, D., Redwood, J., Christensen, J.,
McDonnell, R., Elbert, C., and Konishi, Y. (2018) The cli-
mate variability, drought, and drought management in
Tunisia’s agricultural sector. Washington, DC: World
Bank.

Vigani, G., Rolli, E., Marasco, R., Dell’Orto, M., Michoud, G.,
Soussi, A., et al. (2019) Root bacterial endophytes confer
drought resistance and enhance expression and activity of
a vacuolar H+-pumping pyrophosphatase in pepper
plants. Environ Microbiol 21: 3212–3228.

de Vries, F.T., Griffiths, R.I., Bailey, M., Craig, H.,
Girlanda, M., Gweon, H.S., et al. (2018) Soil bacterial net-
works are less stable under drought than fungal networks.
Nat Commun 9: 3033.

Wang X., Wang M., Xie X., Guo S., Zhou Y., Zhang X., et
al., (2020) An amplification-selection model for quantified
rhizosphere microbiota assembly. Sci Bull 65: 983–986.

Wang, Y., Naumann, U., Wright, S.T., and Warton, D.I.
(2012) mvabund – an R package for model-based analy-
sis of multivariate abundance data. Methods Ecol Evol 3:
471–474.

Welles, S.R., and Funk, J.L. (2020) Patterns of intraspecific
trait variation along an aridity gradient suggest both
drought escape and drought tolerance strategies in an
invasive herb. Ann Bot 26: 787–790.

Williams, A., and de Vries, F.T. (2020) Plant root exudation
under drought: implications for ecosystem functioning.
New Phytol 225: 1899–1905.

Willing, C.E., Pierroz, G., Coleman-Derr, D., and Dawson, T.
E. (2020) The generalizability of water-deficit on bacterial
community composition; site-specific water-availability pre-
dicts the bacterial community associated with coast red-
wood roots. Mol Ecol 29: 4721–4734.

Xu, L., Naylor, D., Dong, Z., Simmons, T., Hixson, K.
K., Kim, Y., et al. (2018) Drought delays
development of the sorghum root microbiome and
enriches for monoderm bacteria. Proc Natl Acad Sci
115: E4952.

Yaish, M.W., Antony, I., and Glick, B.R. (2015) Isolation and
characterization of endophytic plant growth-promoting
bacteria from date palm tree (Phoenix dactylifera L.) and
their potential role in salinity tolerance. Antonie Van Leeu-
wenhoek 107: 1519–1532.

Zhalnina, K., Louie, K.B., Hao, Z., Mansoori, N., da
Rocha, U.N., Shi, S., et al. (2018) Dynamic root exudate
chemistry and microbial substrate preferences drive pat-
terns in rhizosphere microbial community assembly. Nat
Microbiol 3: 470–480.

Zilber-Rosenberg, I., and Rosenberg, E. (2008) Role of
microorganisms in the evolution of animals and plants: the
hologenome theory of evolution. FEMS Microbiol Rev 32:
723–735.

Zogas, A., Kosman, E., and Sternberg, M. (2020) Germina-
tion strategies under climate change scenarios along an
aridity gradient. J Plant Ecol 13: 470–477.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Olive tree cultivation and climatic conditions along
the aridity transect. Maps show (A) olive tree distribution in
terms of presence of olive tree cultivation and (B) aridity
index expressed as Thornthwaite aridity index, which relates
annual moisture deficit to annual potential evapotranspira-
tion; the five sampling locations (Zaghouan, Chraitia, Gafsa,
Matmata and Neffatia) are indicated in the maps with red
stars. Monthly (C) rainfall (mm), (D) maximum and
(E) minimum temperatures (�C) are also reported by using
heat maps.
Fig. S2. Olive orchards along the north–south aridity tran-
sect. Satellites images of the five locations selected for the
sampling (A, Zaghouan; B, Chraitia; C, Gafsa; D,
Matmata; E, Neffatia); in each location, the private olive
orchard sampled is indicated with a red line.
Fig. S3. (A–D) Species rank–abundance curves for each
compartment (i.e. root tissues, rhizosphere, root surrounding
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soil and bulk respectively). All compartments were character-
ized by a log-normal distribution, with a few dominant OTUs
and a tail of rare OTUs. (E,F) Occupancy–frequency distribu-
tion of OTUs in the four compartments. The number of sites
sampled along the aridity transect is given in the x-axis
(maximum occupancy, n = 15); relative abundance (sum of
reads in the entire dataset) is reported for each OTU in the
y-axis.
Fig. S4. Venn diagrams visualize the bacterial OTUs distri-
bution across olive plant compartments (root tissue, rhizo-
sphere and root surrounding soil) and orchards’ bulk soil in
the five locations; values in the Venn diagrams indicate the
number of OTUs, while the values outside the number of
OTUs not present in that specific location.
Fig. S5. Rain decay analysis showing the trend of bacterial
community similarity in (A) root tissues, (B) rhizosphere,
(C) root surrounding soil and (D) bulk soil. In the x-axis is
indicated the difference among the precipitation (rain, mm)
measured at each location. Regression lines: (A) root tis-
sues, slope = �0.036; R2 = 0.1, p = 0.001; n = 105, DBC-
similarity = 20.3%; (B) rhizospheres, slope = �0.047;
R2 = 0.19, p < 0.0001, n = 105, DBC-similarity = 35.4%;
(C) root surrounding soils, slope = �0.048, R2 = 0.21,
p < 0.0001, n = 105, DBC-similarity = 35.6%; (D) bulk soil,
slope = �0.083, R2 = 0.22, p < 0.0001, n = 105, DBC-
similarity = 55.4%.
Fig. S6. Principal coordinates analyses (PCoA) visualize the
similarity among olive plant compartments (root tissue, rhizo-
sphere and root surrounding soil) and orchards’ bulk soil in
the five locations based on Bray–Curtis distance matrices.
Fig. S7. Relationships between rain and the relative abun-
dance of nodes within the six modules. R2 and p-value of
regressions are reported in each graph.
Table S1. Results of soil physico-chemical analyses are
reported for root surrounding soil and bulk soil along the

aridity gradient; note that soils from Matmata are not avail-
able for physico-chemical analyses. Values are expressed
as mean � standard deviation of three replicates. Different
lowercase letters denote significant mean difference among
locations based on the pairwise Tukey’s test at p < 0.05.
Table S2. Permutational multivariate analysis of variance
(PERMANOVA) pairwise comparison of soil physico-
chemical datasets for bulk soil and root surrounding soil
(RSS) along the aridity gradient; note that Matmata is not
included in the comparison.
Table S3. Similar percentage (SIMPER) analysis identifying
the contribution percentage of each physico-chemical
parameter to the Euclidean distance between root surround-
ing soil (RSS) and bulk soil.
Table S4. Reads and number of OTUs for the four compart-
ments (root tissues, rhizosphere, root surrounding soil and
bulks soil) across the five locations along the aridity transect.
Values are reported for the three replicates analysed.
Table S5. Colony-forming unit (CFU) per g of soil obtained
from King’s B, R2A and R2A 5% NaCl isolation media.
Values are expressed as mean and standard deviation of six
individual plates (two serial dilutions for each medium).
Table S6. Results of PERMANOVA main and pairwise tests
for location and compartment as fixed factors. RSS, root
surrounding soil.
Table S7. List of OTUs correlated with rain. Significant
(p < 0.01) positive and negative correlations are considered
based on Spearman correlation value >0.5 and <�0.5
respectively.
Table S8. Taxonomic identification and in vitro PGP activity
of bacterial isolates from olive tree root system and orchards
bulk soil in Zaghouan and Neffatia.
Table S9. Co-occurrence network modularity. List of mod-
ules detected by Gephi within the co-occurrence network.
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