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Abstract

Microbial communities associated with plants growing in harsh conditions, including salinity and water deficiency, have developed
adaptive features which permit them to grow and survive under extreme environmental conditions. In the present study, an ex-situ
plant trapping method has been applied to collect the culturable microbial diversity associated with the soil from harsh and remote
areas. Oryza sativa cv. Baldo and Triticum durum Primadur plants were used as recruiters, while the soil surrounding the roots of Oryza
glaberrima plants from remote regions of Mali (West Africa) was used as substrate for their growth. The endophytic communities
recruited by the two plant species belonged to Proteobacteria and Firmicutes, and the dominant genera were Bacillus, Kosakonia, and
Enterobacter. These endophytes were characterized by analyzing some of the most common plant growth promoting traits. Halotoler-
ant, inorganic phosphate-solubilizing and N-fixing strains were found, and some of them simultaneously showing these three traits.
We verified that ‘Baldo’ recruited mostly halotolerant and P-solubilizers endophytes, while the endophytes selected by ‘Primadur’
were mainly N-fixers. The applied ex-situ plant trapping method allowed to isolate endophytes with potential beneficial traits that

could be applied for the improvement of rice and wheat growth under adverse environmental conditions.
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Introduction

Microbes, including bacteria, fungi, viruses, and other microor-
ganisms, play a fundamental role in agricultural ecosystems, im-
pacting plant health, nutrient cycling, soil fertility, and overall
crop productivity (Compant et al. 2019; Compant et al. 2021).
The thin film of soil surrounding the roots, with its richness in
low-molecular weight organic substances, such as carbohydrates,
amino acids, fatty acids, organic acids, vitamins, and secondary
metabolites secreted by plant roots, creates a unique space for
microbial activity (Radhakrishnan et al. 2017; Pathan et al. 2020,
Chepsergon and Moleleki 2023).

All plants exert selective effects on soil microbial communi-
ties aimed at the acquisition of specific functional traits neces-
sary for their growth and fitness, regardless of their geographical
origin or recent location (; Fu et al. 2023). In addition, the soil mi-
crobiome represents a hotspot of microbial competition. To colo-
nize host plants, soil microorganisms must possess the ability to
enhance plant fitness and survival (plant selection) and be able
to successfully compete against other microorganisms (microbial
competition) (Marasco et al. 2022). Therefore, the soil microbiome
greatly expands the functional repertoire of plants through differ-
ent mechanisms, which remain largely unexplored. However, this
information is crucial in the understanding and management of
microbial functions in ecosystems and in the support of future

plant growth in a rapidly changing environment. Moreover, since
the diversity and composition of soil bacterial communities is also
function of soil properties, an alteration of the latter due to cli-
mate change, along with artificial irrigation and unbalanced use
of chemicals, are leading to the destruction of microbial commu-
nities in arable soils (Ray et al. 2020).

Despite the recognized importance of root-associated microor-
ganisms for plant growth and health, few studies are available on
how the diversity of the microbiome associated with plants grow-
ing in hostile environments can be exploited to support plant de-
velopment under adverse environmental conditions, such as wa-
ter scarcity (Marasco et al. 2022; Alsharif et al. 2020, Marasco et
al. 2023).

Soil-inhabiting bacteria enabling plant growth and health be-
long to the class of bacteria collectively defined as plant growth
promoting bacteria (PGPB) (Santoyo et al. 2016).

The endophytes belong to the PGPB class and live within plants
for at least part of their life cycle with no apparent disease. They
promote plant growth through nitrogen fixation, phytohormone
production, nutrient acquisition, beside conferring tolerance to
abiotic and biotic stresses (Kandasamy and Kathirvel 2023).

Plant-endophyte communication during the early stages of the
colonization process is likely to facilitate access of endophytes to
the inside of the host plant tissues (Mushtag et al. 2023).
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Microbial communities in soil can exhibit high taxonomic and
functional diversity and contribute to several ecosystem services
that can improve plant growth, nutrient assimilation, disease sup-
pression, and overall plant health (Schlaeppi and Bulgarelli 2015,
Singh et al. 2020, Aguilar-Paredes et al. 2023, Fagorzi et al. 2023).

It has been suggested that the synthetic microbial communi-
ties (SynComs), which help simplify the complexity of soil mi-
crobiome, can be exploited to promote plant productivity across
contrasting climate and in response to extreme events (Delgado-
Baquerizo 2022, Sez-Sandino et al. 2023). SynComs derived from
harsh environments might further promote plant productivity
and improve stress resilience in agricultural systems (Schmitz et
al. 2022, Gongalves et al. 2023).

Culturing and establishing microbial culture collections is es-
sential: (i) to study and preserve the microbial diversity; (ii)
provide the basis for microbiota manipulation; (iii) to produce
bioinoculants and synthetic communities for the enhancement
of plant growth and health (Qiu et al. 2019, Mapelli et al. 2022,
Riva et al. 2022). Neglected crops, landraces, non-model plants,
and progenitors of modern crop varieties are generally more re-
silient to environmental stresses but suffer from the lack of in-
formation on associated microbial diversity. These types of plants
can be valuable sources of novel microorganisms (Vaccaro et al.
2022); indeed, they have been found to harbour a higher diver-
sity of relevant plant growth-promoting bacteria as compared to
modern crops varieties (Bulgarelli et al. 2015, Escudero-Martinez
and Bulgarelli 2019, Cangioli et al. 2022, Massa et al. 2022, Bianco
et al. 2021). The presence of these bacteria in the progenitors of
modern crop varieties suggests that they may have played a role
in the domestication and improvement of these crops and that
modern crops could benefit from the application of such bacteria
as bioinoculants (Fagorzi et al. 2023).

Moreover, wild ancestors harbor microbial genera with traits
which are depleted in the microbiome of modern crops, though it
is unknown to what extent rewilding could enhance the growth
and health of modern crops (Raaijmakers and Kiers 2022, Ro-
drigues and Melotto 2023).

The isolation and characterization of microbial communities
from plants grown in remote areas (as in case of many landraces,
neglected crops, and non-model plants) is often challenging due
to a lack of suitable laboratory facilities and resources. This dif-
ficulty limits our understanding of the role of microorganisms in
these ecosystems, thus hindering the possibility of exploiting the
microbial diversity for the growth of cultivated crops.

Ex-situ plant trapping is a useful strategy for the collec-
tion of endophytes associated with a particular plant species
(Guimaraesa et al. 2012, Favero et al. 2021). This method involves
the collection of soils from natural habitat and their transfer to
laboratory environment, where they can be used as substrate for
the growth of cultivated crops under controlled conditions. Of
course, ex-situ trapping cannot be used to assess the diversity of
the microbiome from native plants and infer ecological parame-
ters of native soils. However, even if local plant genotypes might
harbor different microbiomes because of a genotype-specificity
with local microbial strains, the use of modern crops in trapping
of the microbial diversity present in a particular habitat allows
the isolation and direct assessment of microbes colonizing and
enhancing growth and the health of the modem crop of interest
(Petipas et al. 2021, Xiong et al. 2021). Therefore, thanks to the es-
tablished agronomic practices used for modern crops, ex-situ crop
trapping allows exploiting the biodiversity of plant-associated mi-
crobiomes for practical applications (Sessitsch et al. 2019, Fagorzi
et al. 2023).

By applying the ex-situ plant trapping on soils collected in
harsh environments, it is possible to isolate microorganisms well
adapted to those environmental conditions (Tian et al. 2022; Wang
et al. 2020; Mohanram and Kumar 2019). Plant growth in regions
characterized by extreme conditions, such as those of the Mali
(West Africa), is challenged by strong abiotic stresses such as ex-
treme temperature fluctuations, high radiation, water scarcity,
low nitrogen, organic matter, and soil salinity (Van Andel 2010, Sie
et al. 2012). However, plants of this region have acquired adaptive
mechanisms to thrive on soils with extremely low water content,
salinity, and high temperatures. The diverse microbial communi-
ties residing within the tissues of these plants (endophytes) con-
tributed to the adaptation of host plants.

These microorganisms, being evolutionarily well adapted to ex-
treme environmental conditions, can promote plant growth, and
enhance soil fertility more than microbes found in plants grown
in non-degraded soils (Alsharif et al. 2020, Bouri et al. 2022).

As previously demonstrated, endophytes from a culture collec-
tion established from O. glaberrina plants collected in the Inner
Delta region of Mali could efficiently colonize O. sativa rice (Bianco
et al. 2021). This collection included several strains whose plant-
growth promoting abilities were effective for commercial varieties
of O. sativa, indicating that the microbial diversity, both associated
with and isolated from plants grown in harsh environment, is a
valuable resource for conventional crops.

In the present study, ex-situ plant trapping experiments were
performed on soil surrounding O. glaberrima plants collected in
Mali to exploit the microbial diversity associated with plants
adapted to marginal environments and, at the same time, over-
come the difficulty of accessing remote areas of Mali. Using two
cereal crops (O. sativa cv. Baldo and Triticum durum Primadur) as
trapping plants, a collection of bacterial endophytes was estab-
lished. This experimental design allowed to evaluate and com-
pare the composition and main physiological features of endo-
phytes trapped by the two cereal crops and analyze the main dif-
ferences with the native endophytic bacterial communities of O.
glaberrima. Results indicated that the trapped communities were
dependent on the host crop and were mainly composed by strains
of Bacillales and Enterobacteriales order, in agreement with the pre-
vious isolation of endophytes from O. glaberrina (Bianco et al.
2021).

Additionally, host-dependency was found also at the physi-
ological level, with the ‘Baldo’ plants trapping many halotoler-
ant bacteria, whereas ‘Primadur’ plants trapped mainly N-fixing
ones.

Our findings foster the use of ex-situ plant trapping method
for the isolation of plant-associated microbial diversity and re-
inforce the concept that plant microbiome is mainly shaped by
host species selecting endophytic bacteria with different charac-
teristics.

Materials and methods

Seeds and soil sources

Seeds of Oryza sativa L. cv. Baldo were obtained from the Breeder
Ente Nazionale Risi (Milan, Italy), whereas seeds of Triticum du-
rum Primadur were obtained from Consiglio per la Ricerca in Agri-
coltura e I’Analisi dell’Economia Agraria (CREA, Foggia, Italy).

The portion of soil surrounding the roots of O. glaberrima plants
grown in the region of Bamako (Mali) (12°39'0.00“ N -8°00'0.00” W)
were collected one month after sowing and transferred to labora-
tory conditions.



Plant growth

Dehulled seeds of rice (‘Baldo’) and wheat (‘Primadur’) plants were
surface sterilized as follows: incubation in 70% EtOH, washing
several times with sterile distilled water, incubation in 5% sodium
hypochlorite solution containing tween 20, washing several times
with sterile distilled water. The detailed protocol was described
by Bianco et al. (2021). Sterilized seeds were positioned onto the
surface of 0.8% water-agar plates and incubated at 21°C in the
dark for germination. After 5 days, germinated seeds were trans-
ferred into plastic pots units (7 cm in length and 10 cm in diam-
eter) containing soil (200 g) from Mali. The soil pH was measured
from 1: 1 soil/water slurry equilibrated for 30 min (Hue and Evans
1986). This analysis showed that the soil was weakly acid (pH =
6.0). Measurement of %C and %N of soil were made using an ele-
mental analyzer NA1500 (CARLO ERBA, Milan, Italy) coupled to a
mass spectrometer (Isoprime GV, Elementar Gmbh, Isoprime Ltd,
Germany). The measured %C and %N values (0.611 £ 0.058 and
0.090 + 0.004, respectively) were used to calculate the C/N ratio
(C/N = 6.8).

Plants grown in pots containing sterilized sand (1.0 mm gran-
ule size) and perlite (3-4 mm granule size) in 1 : 1 ratio (rice)
(Andreozzi et al. 2019) or 3 : 1 ratio (wheat) (Guizani et al. 2023)
were used as reference of endophytic colonization. For both rice
and wheat plants, 3 pots containing 2 germinated seeds were pre-
pared. Each planting unit was kept in the growth chamber under
long daylight (16 h), 19-°C temperature and 75% relative humidity
and watered daily. Once a week a nitrogen-free nutrient medium
(Bianco et al. 2021) was added to the plants.

Isolation of endophytic bacteria from rice and
wheat tissues

Endophytic bacteria were isolated from whole plants of rice
‘Baldo’ and wheat ‘Primadur’ grown up to 7 days in sterilized sand-
perlite substrate and in soil from Mali. Plants were carefully re-
moved from the pots, washed with running water to clean the soil
off. Plants (three replicates each containing two plants) were sur-
face sterilized through 1 min incubation in 5% sodium hypochlo-
rite solution, washing with sterile distilled water, 1 min incubation
with 70% EtOH, and washing several times with sterile distilled
water as described in detail by Bianco et al. (2021). To assess the
absence of microbial growth around the plant tissues, sterilized
plants were placed on LB agar plates and incubated at 30 °C for
3 days. Sterilized samples (whole plants) were ground with 5 ml
of 1x PBS buffer using a sterile mortar and pestle. To isolate the
endophytic bacteria, favoring the slow-growing ones, the tissue
extracts were serially diluted (1: 10, 1: 100, 1: 1000) in 1x PBS so-
lution and plated onto R-2A plates (Sigma-Aldrich, St. Louis, Mis-
souri, USA). The plates were incubated for up to 5 days at 30 °C
for bacterial growth. Forty colonies, randomly selected from the
plates showing the best bacterial colony separation, were streaked
ontonew R2A plates. This procedure was repeated several times to
gain pure isolates. All purified colonies were grown in R-2A broth
(HiMedia, VWR, Radnor, Pennsylvania, USA) at 30°C for 2 days. The
bacterial cultures in exponential growth phase (ODgo + 0.7) were
stored at —80°C in a solution containing 16% (v/v) dimethyl sul-
foxide (DMSO) and 10% (v/v) glycerol.

Dereplication of the culture collection and
taxonomic assignment

Dereplication of the collections was done by performing Random
Amplified Polymorphic DNA (RAPD) analysis. Lysates from each
isolate were used as templates for PCR amplification using previ-
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ously optimized conditions with primer 1253 (5'-GTTTCCGCCC-3')
(Mengoni et al. 2014).

Reactions were assembled in 25 pl total volume containing 1X
GoTag® Master Mix (Promega Corporate, WI, USA) with 3 mM
MgCly, 500 ng of primer. Reactions were performed on a T100 ther-
mal cycler (Bio-Rad Corporate, CA, USA) programmed for an initial
melting step at 94°C for 5 min followed by 45 cycles each at 94°C
for 30 sec, 36°C for 30 sec and 72°C for 2 min. A final extension
step at 72°C for 10 min was performed.

After agarose gel electrophoresis (2.5% in 40 mM Tris-acetate,
1 mM EDTA buffer) for 1.5 h at 10 V/cm, band profiles were
analysed by GelComparll ver. 2.5 software (Applied Maths, Sint-
Martens-Laten, Belgium) to identify distinct band patterns and
assign them to isolates. Band patterns are indicated as “groups”
and correspond to distinct haplotypes. The amplification and se-
quencing of 16S rRNA gene for each isolate were carried out as
previously reported (Bianco et al. 2021). Taxonomic assignment
was performed with SILVA database v. 138.1 (Quast et al. 2013).
The matrix of occurrence of each RAPD haplotype in the col-
lections was used to compute alpha diversity values (Shannon
H and Eveness), multivariate and univariate analyses (@yvind et
al. 2001). Biplots and PCA were performed using the function
‘prcomp()’ in R. Plots were visualized using the package ‘ggplot2’
(version 3.3.3) and the function ‘autoplot ()’ (Wickham 2009).

SIMPER (Similarity Percentage) (Clarke 1993) was used for as-
sessing which RAPD group are primarily responsible for observed
differences between trapped and reference plant collection and
was performed with Past 4 software (Hammer et al. 2001).

Bacterial identification by 16S rRNA gene
sequence analysis

Cells of each strain were grown aerobically in LB medium at 30 °C,
on a shaker at 200 r/m, for 24 h. Aliquots (200 pl) of cultures were
aseptically collected and centrifuged at 10 000 x g for 10 min,
to obtain supernatant-free cells. Cells were then suspended in
200 pl TE 1x containing 1% Triton and incubated at 100 °C for
10 min. The bacterial suspension was centrifuged for 5 min at
10.000 x g and the resulting supernatant used as DNA source to
amplify the 16S rRNA gene fragment (1.4 Kb). To amplify the 16S
TRNA gene fragment (1.4 Kb), the universal primer pairs 8-27F (5'-
AGA GTT TGA TCC TGG CTC AG-3') and 1510-1492R (5'-ACG GCT
ACC TTG TTA CGA CTT-3), 100 ng of genomic DNA and 0.03 U of
DreamTaq Hot Start DNA Polymerase (Thermo Scientific, Walth-
man, MA, USA) were used following the procedure reported in
Bianco et al. (2021). Sanger (dideoxy chain terminator technol-
ogy) sequencing was performed from 8-27F using the Brilliant
Dye terminator 1.1 kit (NimaGen, Nijmegen, The Netherlands) by
BMR Genomics (Padova, Italy). Sequences were manually checked
using Bioedit (Hall et al. 2011) and assigned to bacterial taxon-
omy using SILVAngs Version: 1.9.10 / 1.4.9 run on SILVA database
1138.1 (https://ngs.arb-silva.de/). Sequence data are deposited on
GenBank database under the accessions OR186984-OR187002 and
OR187006-OR187042.

Screening of plant growth-promoting (PGP)
activities

Indole-3-acetic acid (IAA) production by Salkowski colori-
metric assay

Bacterial cultures grown over-night in LB medium containing
100 uM L-tryptophan at 30 °C were centrifuged and the super-
natant mixed with Salkowski reagent in a 1 : 1 ratio and incu-
bated at 30 °C for 30 min in the dark (room temperature). The ab-
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sorbance of the mixtures was estimated at 530 nm. The bacterial
cells were used for data normalization (Bianco et al. 2021).

Phosphate solubilization in liquid medium

Cells of the selected strains were grown aerobically in LB medium
at 30°C, on a shaker at 200 r/m for 24 h, washed three times with
0.9% NaCl and then resuspended in Pikovskaya's (PVK) medium
containing insoluble phosphate substrate (Nautiyal 1999). The
composition of the PVK medium was (g L™!): Glucose 10 g,
Cag(PO4)25g, (NH4)QSO4 0.5 g, NaCl 0.2 g, KCl 0.2 g, Mg504.7H20
0.1 g, Yeast Extract 0.5 g, MnSO4.H,0 0.1 mg, FeSO,4.7H,0 0.1 mg.
Bacterial cultures in PVK medium were incubated at 30°C on
a shaker at 200 r/m. After 6 days of incubation, aliquots (250 pl)
of cultures were aseptically collected and centrifuged at 10000
x g for 10 min, to obtain a biomass-free supernatant. The solu-
ble phosphate concentration in the supernatants was estimated
using the molybdenum blue method (Saheki et al. 1985). The re-
action mixtures containing 150 ul sample, 120 pl Reagent A and
480 pl Reagent B were incubated for 10 min a 30°C. The absorbance
of the samples was measured at 850 nm using a DU 800 UV/Visible
spectrophotomer (Beckman Coulter, Brea, CA, US). A mixture con-
taining Reagent A, Reagent B and buffer was used as reference.

Halotolerance assay

The endophytic isolates were screened for salt-tolerance prop-
erties using LB media supplemented with various levels of NaCl
(w/v) such as, 2% (342 mM), 4% (684 mM), 6% (1.03 M), 8% (1.37 M).
Control plates were maintained with 1% (171 mM) NaCl (w/v).
Fresh cultures of each strain were streaked on plates contain-
ing different levels of NaCl. After incubation for 24 h at 30°C, the
growth on the NaCl-supplemented plates was compared with that
of the control ones.

PCR amplification of the nitrogenase iron protein gene (nifH)
To identify nitrogen-fixing (diazotrophic) bacteria, a PCR amplifi-
cation of the nifH gene was performed by using the primer pairs
19F (5-GCI WTY TAY GGI AAR GGI GG-3') and 407R (5'-AAI CCR
CCR CAI ACI ACR TC-%3'), which amplified a 388 bp fragment of
the nifH gene. The amplification reactions were carried out by us-
ing 100 ng of genomic DNA and 0.03 U of DreamTaq Hot Start
DNA Polymerase (Thermo Scientific, Walthman, MA, USA) as de-
scribed in Bianco et al. (2021). The DNA of Sinorhizobium meliloti
1021 was used as positive control, while the DNA of the Escherichia
coli MG1655 was used as negative control.

Nitrogenase activity by acetylene reduction assay (ARA) in
inoculated plants

Dehulled seeds of O. sativa cv. Baldo (CREA-CI, Research Centre for
Cereal and Industrial Crops, Vercelli, Italy) and Primadur (CREA-
CI, Foggia, Italy) were surface sterilized and germinated as de-
scribed above. After 5 days, germinated seeds were incubated in
Petri dishes with 50 ml of 1x PBS solution containing each strain
to a final concentration of 107 cells mL~! for 4 h at room tem-
perature. Seeds incubated in 1x PBS were used as control. Inoc-
ulated seeds were transferred into plastic pots ((7 cm in length
and 10 cm in diameter) containing sand (1.0 mm granule size)
and perlite (3-4 mm granule size) in 1 : 1 ratio (rice) or 3 : 1 ra-
tio (wheat). One-week-old plants (‘Baldo’ and ‘Primadur’), grown
as previously described, were carefully removed from the pots and
the roots rinsed with water. The plants were transferred into 20 ml
glass tubes containing 2 ml of minimal medium free of nitrogen
sources, sealed with rubber serum stopper, incubated under a hy-
poxic atmosphere in a greenhouse for 20 h and analysed for the

ARA assay as described by Defez et al. (2017). The amount of ethy-
lene produced was measured by gas chromatography by using a
TG-IBOND Alumina (Na,SOs4 deactivate) column (Thermo Scien-
tific) as previously described (Andreozzi et al. 2019). Data are ex-
pressed as nmol ethylene plant~! min~' and are the mean + SD of
at least six independent replicates. Tubes containing plants with-
outinjected acetylene were used as negative control. Six biological
replicates were carried out for the measurement of nitrogenase
activity by ARA test and the resulting data were subjected to Stu-
dent’s t-test. The results were considered statistically significant
when P < 0.05.

Results

Trapped biodiversity of the culture collection

The 462 random isolates obtained from tissues of rice (Baldo) and
wheat (Primadur) plants grown in soil from Mali and in the ref-
erence soil, were dereplicated into 97 haplotypic groups by RAPD
screening (Table S1). The diversity and differences of the two host
plant species collections from the two different soils were evalu-
ated. Table 1 reports the values of diversity (Richness, Shannon,
Evenness) of the collections.

The richness (number of haplotypes obtained) ranged from 5
(Baldo, control replica C) to 21 (Baldo replica A). Baldo reference
collections obtained from plants grown in sterilized sand-perlite
substrate showed lower values of diversity (Shannon) as com-
pared to collections deriving from the trapping of plants grown in
Mali soil (p < 0.05, one-way ANOVA, Tukey pairwise post hoc test).
Primadur collections did not shown statistically significant differ-
ences in diversity indices. The differences in the representation
of the 97 RAPD haplotypes were then evaluated. Fig. 1 shows the
results from a Principal Component Analysis. The endophytic col-
lections trapped by both Baldo and Primadur plants grown on ster-
ilized substrate were strongly separated from the ones trapped
by plants grown on Mali soil. Moreover, while trapped collections
were quite similar among replicates, a higher heterogeneity can
be observed for replicates of controls.

Endophytic collections recruited by rice (Baldo) and wheat (Pri-
madur) plants were, as expected, clearly distinguished (Fig. 2),
supporting the consistency of the method to effectively trap spe-
cific endophytic communities.

To further inspect the consistency of the method and the effect
of crop species, the contribution of each RAPD haplotype to the
separation between trapped Mali soil collection and isolates from
reference plants were evaluated. The SIMPER analysis was applied
to measure the amount of variance from the occurrence of each
of the 97 RAPD groups in the collection.

Results of SIMPER analysis (Tables 2 and 3) indicated that for
both plants the first 10 groups contributed to more than 90% of the
total variance, separating Mali soil from controls, thus indicating a
sharp distinction between trapped Mali soil microbiota and refer-
ence plants endophytes. Although the RAPD groups of Baldo and
Primadur plants were partially different, as expected from the ef-
fect of the host plant species (Bulgarelli et al. 2015), they showed
4 groups in common (groups 6, 11, 38, 44), indicating that the two
cereal crops also select a core endophytic microbiome.

Identification of endophytic bacteria

The 97 different haplotypic groups obtained in the RAPD screen-
ing were further analysed to select only the isolates coming ei-
ther from Baldo or from Primadur plants. From the exclusion of
the isolates captured by control plants grown in the sand-perlite
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substrate and those captured by both Baldo and Primadur plants,
57 isolates were obtained and selected for taxonomic identifica-
tion through the partial sequencing of 16S rRNA gene (Table 4 and
Table S2). Most isolates belonged to Bacillales (genus Bacillus) and to
Enterobacteriales (genera Enterobacter and Kosakonia) (Table 4, Fig. 3;
Table S2).

Some isolates presented the same 16S rRNA gene partial
sequence (PC19, PA29, PA40, PB8 and BA7, BA18, BA27, BA30)
suggesting the presence of strains of the same species but with
different genomic features in wheat and rice trapped collections,
respectively. When the endophytic bacterial communities of
the two plant species were compared, it was found that, at the
genus level, Bacillus and Enterobacter were the most abundant in
the ‘Baldo’ plants, representing 32% and 19% of the 57 isolates,
respectively, followed by Paenibacillus (12%). The relative abun-
dance of other genera ranged between 2% and 7%. On the other
hand, in ‘Primadur’ plants Kosakonia was the predominant genus,
comprising 72% of total sequences. Chronobacterium (11.2%),
Paenibacillus (5.6%), Staphylococcus (5.6%) and Pseudomonas (5.6%)
were the other genera detected in these plants.

PGP traits of bacterial endophytes

All isolated endophytes were examined for IAA production, salt
stress resistance, phosphate solubilization, and nitrogen fixation.
The results reported in Table 4 and Table 5 showed that: i) 21 en-
dophytes were able to produce IAA; ii) 9 endophytes were capable
of solubilizing calcium phosphate and 3 of them (BA22, BA26, and
BB19) were the best performers. Among these P-solubilizers, six
were recruited by ‘Baldo’ plants and the other three were caught
by ‘Primadur’. When the isolated endophytes were screened for
salt tolerance, we found that 15 strains showed a great level
of tolerance at 7% NaCl as compared to the untreated control
(Table 4). Among them, three endophytes recruited by ‘Baldo’
plants (BA3, BA18, and BA30) showed the best growth in the
presence of 7% NaCl. The data reported in Table 4 also showed
that most of halotolerant strains have been recruited by ‘Baldo’
plants.

The PCR analysis of nifH gene, which constitute an ideal
biomarker to determine the potential nitrogen fixing ability in a
microbial community, showed that the expected 388-bp amplicon
was observed for 21 endophytic strains (35%). The results reported
in Table 4 highlighted that the majority of diazotrophic strains (21
isolates) were recruited by Primadur plants and only few of them
(5 isolates) were captured by ‘Baldo’ plants.

To confirm the diazotrophic nature of the nifH-positive endo-
phytes, an ARA test was carried out on 10-day-old O. sativa L. cv.
Baldo plants inoculated with the strains that were positive in PCR
analysis of nifH gene. For all the tested strains, a nitrogenase ac-
tivity was observed for the inoculated plants when the uninocu-
lated ones were used as reference (Table 5). The highest activity
was measured for the strains BA11, PA20b, PA40, PB8, and PB24.
Among these 5 strains, two (BA11 and PA20B) showed three of the
four PGP traits analyzed in our study.

The data obtained in this study and reported in Table 4 and
Table 5 demonstrated that: (i) 71% of the diazotrophic strains were
recruited by wheat plants, while the remaining 29% were trapped
by rice plants; (ii) 83% of endophytes isolated from wheat plants
were diazotrophs; (iil) 93% of halotolerant strains were captured
by rice plants; (iv) about 40% of all isolates produced IAA; (v) the
majority of phosphate-solubilizing isolates were recruited by rice
plants.

Table 1. Values of diversity and number of isolates typed by RAPD.

Baldo CtrL Primadur Primadur Primadur
CtrL A

Baldo CtrL

Baldo CtrL

CtrL. C Primadur A Primadur B Primadur C

CtrL. B

Baldo B Baldo C

Baldo A

19
37
2.77

14
38
2.44

18
36
2.58

17
39
2.39

10
39
1.95

13
39
1.51

16
36
2.413

21

Haplotypes
Isolates

40
0.804
0.279

37
1.00
0.546

41
1.46

40
1.597
0.548

40
2.605
0.644

Shannon_H

Evenness

0.845

0.820

0.736

0.648

0.707

0.350

0.482

0.697

A, B, and C refer to isolates from the three biological replicates. Ctrl, control plants.
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Figure 1. Principal Component Analysis from RAPD haplotype composition. (A), Baldo; (B), Primadur. The biplots, performed using the function
‘prcomp()’ in R and visualized using the package ‘ggplot2’, report the vectors related to the weight of single RAPD haplotypes (groups). Percentages of

total variance explained by the first two components are indicated.

Discussion

The supply of food for the increasing human population is one
of the greatest challenges for the agrarian community. The main
strategy for the improvement of plant production is the use of
agrochemicals, which however cause deteriorating effects on soil
health and fertility, and in turn negatively influence the produc-
tivity and sustainability of crops (Le Mouél and Forslund 2017).
In this context, the use of naturally abundant microorganisms as
biofertilizers to supply nutrients to plants takes on particular sig-
nificance both in terms of costs and the environment (Ke et al.
2021).

Despite the numerous studies carried out in this field, the role
of microbial communities in promoting crops productivity and
environmental sustainability is not yet fully explored. Indeed,
most of the studies are related to model plant species, while non-
model crops, landraces and local varieties have received little at-
tention (Vaccaro et al. 2022). Moreover, beneficial microbial sys-
tems involved in plant growth promotion are frequently not only
crop-specific but also strongly influenced by agronomic practices
and ecological factors, whose effects are magnified in the current
global climate changes (Sessitsch et al. 2019). To address such
problems, plant species or varieties adapted to growth in extreme
environments could be considered a hot spot of helpful biodiver-
sity to be used as source of beneficial microorganisms capable of
promoting adaptation of crop plants to harsh environmental con-
ditions (Massa et al. 2022, Fagorzi et al. 2023)

However, the selection of beneficial microorganisms from
plants adapted to different extreme environments and their use
in promoting the growth of the crops of interest is a complex pro-
cedure facing the need to isolate a native microbial community
directly from plants collected in remote areas. Since plants shape
their microbiome (Bulgarelli et al. 2015, Xiong et al. 2021), we can

hypothesize that plants (e.g. local landraces) grown in harsh envi-
ronments could harbor a microbiome enriched in relevant func-
tions, which could help crops cope with different environmental
conditions.

Bianco et al. (2021) demonstrated that some culturable endo-
phytic bacteria isolated from O. glaberrima plants grown in Mali
were able to colonize quite efficiently the domesticated Asian rice
Oryza sativa cv. Baldo, selected to grow in the typical cold and wet
environmental conditions of Northern Italy. They found that out
of 70 strains isolated from O. glaberrima plants, 36 (51.4%) belonged
to the Enterobacterales order and 5 (7.1%) to Bacillales. They also
demonstrated that inoculated Baldo plants showed high activity
of enzymes involved in salt stress response (Bianco et al. 2021).
These results suggested that plants adapted to extreme ecosys-
tems could harbor a microbiome enriched in strains with func-
tions relevant to other host plants, such as rice (O. sativa cv. Baldo)
and wheat (Triticum durum Primadur).

In the present study, the soil surrounding O. glaberrima roots
grown in Mali (West Africa) was transferred to laboratory condi-
tions and used to identify culturable endophytes potentially use-
ful for promoting the growth of Italian commercial rice and wheat
varieties.

We demonstrated that the ex-situ procedure used was robust in
capturing the microbial diversity from soil and in minimizing the
effect of “environmental” contamination from other endophytic
bacteria. Indeed, the alpha diversity of the isolates obtained from
plants grown in Mali soil was higher than the reference plants
grown in sterilized perlite-sand mix. In addition, the beta diversity
indicated a high consistency of replicates of the endophytic col-
lections from Mali soil, while those from references were quite dis-
similar. The high consistency of trapping replicates and the strong
separation from reference plants suggested that this method was
robust.
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Table 2. Results from SIMPER analysis for Baldo. The first ten RAPD
groups are indicated. The percentage of contribution to variance
is reported.

Table 3. Results from SIMPER analysis for Primadur. The first ten
RAPD groups are indicated. The percentage of contribution to vari-
ance is reported.

Haplotype Contribution % Haplotype Contribution %
Group 45 57.28 Group 6 41.62
Group 11 10.94 Group 44 13.93
Group 12 10.34 Group 38 7.005
Group 6 8.681 Group 29 6.758
Group 38 8.043 Group 83 4.368
Group 44 2.043 Group 11 4.066
Group 62 0.1277 Group 13 3.874
Group 58 0.1277 Group 20 2.885
Group 59 0.1277 Group 95 2.802
Group 57 0.1277 Group 92 2.143

Considering that the substrate used for the growth of control
plants was sterilized, this result could derive either from vertical
transmission of few endophytes present in the seeds of the Baldo
and Primadur plants or from stochastic contamination by envi-
ronmental bacteria during plant growth in the green chamber.

We focused our attention on the haplotypes distinctive of the
two host plants, selecting 57 haplotypes out of the 97. The trapped
haplotypes showed a differential occurrence in the two host

plants, allowing to define two different groups for the two host
plants, respectively. Interestingly 3 groups where present in both
plants, suggesting that they may belong to a core endophytic mi-
crobiota able to colonize both rice and wheat (Escudero-Martinez
and Bulgarelli 2019, Bianco et al. 2021, Riva et al. 2022).

The taxonomic identification of the isolated haplotypes high-
lighted greater taxonomic diversity in the collection obtained
from ‘Baldo’ plants compared to ‘Primadur’ ones, probably due to
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Table 4. Genera and plant growth promoting (PGP) traits of the selected endophytes.

Nitrogenase
activity (nmol
Salt tolerance Phosphate CyH, plants—?!
Strain?® Genus IAA Production (7% NaCl) solubilization nifH gene min~?)
BA1 Bacillus - + - - -
BA2 Paenibacillus - - - - -
BA3 Bacillus + ++ - + +
BAS Bacillus + + - - -
BA7 Bacillus - + - - -
BAS8 Paenibacillus - - - - -
BA11 Bacillus + + - + +
BA14 Bacillus - + - - -
BA18 Bacillus - ++ + - R
BA20 Pseudomonas - - - - -
BA21 Paenibacillus - - + - R
BA22 Paenibacillus - - 4+ - -
BA26 Staphylococcus + - ++ - R
BA27 Bacillus - + - - -
BA29 Bacillus + - - - N
BA30 Bacillus - ++ - - -
BA38 Bacillus - + - - -
BB1 Chryseobacterium - - - - -
BB4 Acinetobacter - - - - -
BB11 Chryseobacterium + - - - -
BB14 Chryseobacterium - - - - -
BB17 Paenibacillus + - + - -
BB18 Chryseobacterium - - - - -
BB20 Acinetobacter - - - - -
BB22 Bacillus - + - - -
BB24 Bacillus - + - N
BB27 Kosakonia - - - + +
BB30 Bacillus - - - - -
BB35 Kosakonia - - - + +
BB39 Kosakonia - - - + +
BB40 Phytobacter + - - - -
BC1 Enterobacter + - - - -
BC2 Enterobacter + - - -
BC3 Enterobacter + - - - -
BC5 Enterobacter + - - - -
BC6 Enterobacter + - - - -
BC14 Enterobacter + + - -
BC19 Enterobacter + - - - -
BC20 Enterobacter + - - - -
PAS Kosakonia - - + + +
PA6 Kosakonia - - - + +
PA12 Kosakonia - - - + +
PA13 Kosakonia - - + +
PA15 Kosakonia - - - + +
PA18 Chromobacterium + - - - -
PA20A Paenibacillus + - + + +
PA20B Staphylococcus + - + + +
PA21 Kosakonia - - - + +
PA26 Kosakonia - - - + +
PA29 Kosakonia - - - + +
PA35 Kosakonia - - - + +
PA38 Chromobacterium + - - - -
PA40 Kosakonia - - - + +
PB8 Kosakonia - - - + +
PB24 Kosakonia + - - + +
PC19 Kosakonia - - - + +
PC20 Pseudomonas - + - - -

-+, positive response; -, negative response.
@The first letters in the name of the strains indicate the plant of origin, i.e. “B” means strain isolated from ‘Baldo’ and “P” means strain isolated from ‘Primadur’,
while the second letter refers to the biological replicates (A, B, and C).
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(https://ngs.arb-silva.de/).

the closer phylogenetic affiliation of O. sativa to O. glaberrima. In-
deed, Bacillus (32%), Enterobacter (19%), and Paenibacillus (12%) were
the main genera detected in ‘Baldo’ plants. On the other hand, in
‘Primadur’ plants Kosakonia was the predominant genus, compris-
ing 72% of total sequences.

The differences in taxonomic composition between endophytes
collected in-situ from O. glaberrima and the endophytes trapped ex-
situ from O. sativa could be attributed to many factors, including
plant species, plant growth stage, in vitro cultivation, and changes

in soil microbiota during its transfer from the field to the labo-
ratory. However, the aim of the applied ex-situ plant trapping was
to isolate useful microbial diversity and produce information on
the effects of plant species, and not to infer ecological patterns of
native soil or plant tissues.

Concerning the identified bacterial genera, the Bacillus one is
among the most abundant in the rhizosphere of extreme environ-
ments (Deng et al. 2023). Moreover, Bacillus species are the most
widespread and abundant metabolite-producing bacterial endo-
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Table 5. Nitrogenase activity of Oryza sativa cv. Baldo plants inoc-
ulated with the selected N-fixing endophytes.

Nitrogenase activity? (nmol

Strain ethylene plant~! min-1?)
BA3 0.40 £+ 0.007
BA11 0.76 + 0.14
BB27 0.48 + 0.05
BB35 0.14 + 0.01
BB39 0.23 +£ 0.05
PAS 0.07 £ 0.01
PAG 0.30 + 0.12
PA12 0.27 +£ 0.06
PA13 0.26 + 0.06
PA15 0.39 + 0.05
PA20A 0.45 + 0.09
PA20B 1.18 £ 0.33
PA21 0.30 + 0.13
PA26 0.17 £ 0.07
PA29 0.39 + 0.09
PA35 0.31 + 0.09
PA40 0.57 £ 0.23
PB8 0.53 + 0.19
PB24 0.60 + 0.10
PC19 0.20 + 0.04

phytes (Tsotetsi et al. 2022), representing an important member of
the “core” cultivated plant-associated bacterial taxa (Radhakrish-
nan et al. 2017). Their plant growth promoting activities have been
associated with the production of secondary metabolites, produc-
tion of planthormone (e.g. IAA), nitrogen fixation, solubilization of
zinc, potassium and phosphorous, up-regulation of stress regulat-
ing genes, and synthesis of bio-control agents (Radhakrishnan et
al. 2017). The first commercial bacterial fertilizer, Alinit, was devel-
oped from Bacillus spp. and resulted in a 40% increase in crop yield
(Romano et al. 2020). Results reported in this study showed that
the endophytes identified as IAA producers, halotolerant strains,
and P-solubilizers were mostly Bacilli. These data suggest that the
isolated Bacillus endophytes could be used to improve the response
of host plants (rice and wheat) to abiotic stresses.

As far as Kosakonia is concerned, in the last few years, sev-
eral members of this genus have been identified as endophyte
of different crops (e.g. wheat, maize, tomato, pea, and crucifer-
ous vegetable) and their growth-promoting effects and plant yield
improvement have been reported (Hoang et al. 2016, Ka'mpfer
et al. 2016). Furthermore, in recent years, genome sequences for
several members of this genus have been released (Mosquito et
al. 2020). However, since this genus is relatively young, many of
its features have yet to be studied. Results here reported clearly
show that about 85% of isolated N-fixers endophytes were Kosako-
nia strains, thus indicating that nitrogen fixation could be con-
sidered as one of the characteristic traits of this genus. These
data confirmed our previous results regarding O. glaberrima en-
dophytes (Bianco et al. 2021) and the results obtained with other
cereal crops (Bloch et al. 2020, Chen et al. 2020). Besides confirming
that different host plants select different endophytic microbiomes
in terms of taxa, our study also showed that they differentiated
in term of functions: ‘Baldo’ plants mainly recruited halotoler-
ant and P-solubilizer strains, whereas ‘Primadur’ plants mainly
engaged N-fixing strains and IAA-producers. These results could
arise from different nutritional requirements or from a different
sensitivity to environmental stimuli, which could mean that in
nature these plants select the microbial partners populating soil

according to their needs (Olanrewaju et al. 2019; Rolfe et al. 2019,
Rolli et al. 2021). Indeed, rice is very sensitive to salinity stress
and is currently listed as the most salt sensitive cereal crop with
a threshold of 3 dSm~! for most cultivated varieties (Wang et al.
2021), whereas a soil is generally considered as salt-affected if
it has an electrical conductivity of its saturation extract above 4
dSm~! (Hoang et al. 2016). Rice loses 10% of its yield even when
the electrical conductivity is 3.5 dSm~". On the other side, ma-
ture wheat grain has a higher protein content (accounting for 10-
18% of endosperm dry weight) compared with other major cereals,
such as rice (Oryza sativa), maize (Zea mays), rye (Secale cereale), and
millet (Pennisetum glaucum) (Wang et al. 2021). N plays the most
important role in determining protein content, dough quality, and
processing characteristic of wheat. Furthermore, wheat is the ma-
jor crop with the lowest nitrogen use efficiency (NUE), and only
30-35% of applied N fertilizer could be absorbed (Coskun et al.
2017).

We suggest that the selective action on the soil microbiome,
which favored the recruitment of specific taxa having particular
functions, could result from: i) ‘Baldo’ and ‘Primadur’ plants pro-
ducing different input resources, such as the exudates (Chai and
Schachtman 2022); i) ‘Baldo’ and ‘Primadur’ plants having differ-
ent immune system (Oukala et al. 2021), which may have favored
the colonization and multiplication of endophytes able to adapt
or avoid the defense machinery of the host plants (Rolfe et al.
2019, Rolli et al. 2021). However, since the differential taxonomy
(i.e. Bacillus vs. Kosakonia) of the collections co-occur with different
PGP functions, we cannot define if the two host plants select endo-
phytes based on the taxonomy or the PGP functions. In the present
study, we demonstrate that the applied ex-situ trapping method
can effectively enrich a culture collection with nitrogen-fixing
bacteria, as well as P-solubilizers, features for which no efficient
plate enrichment methods yet exist. Our data also strengthened
the concept that IAA-producers are widespread among plant-
associated bacteria (Spaepen and Vanderleyden 2011).

Further studies will allow us to understand the differential en-
richments observed for ‘Baldo’ and ‘Primadur’ plants and provide
a mechanistic interpretation for these differences.

Data reported in this manuscript highlight the following con-
cepts: i) endophytes associated with plants grown in harsh condi-
tions hold adaptive features, which could be exploited to improve
the growth of cultivated crops under stressful environmental con-
ditions; ii) the ex-situ plant trapping is an efficient system for the
isolation of wide range of genetic diversity of endophytic bacte-
ria and to overcome the difficulties of carrying out experiments
in remote areas.
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