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Abstract 

Micr obial comm unities associated with plants gr owing in harsh conditions, including salinity and w ater deficiency, hav e dev eloped 

adapti v e featur es which permit them to grow and survi v e under extr eme envir onmental conditions. In the pr esent study, an ex-situ 
plant trapping method has been applied to collect the cultura b le micr obial di v ersity 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 

Enter obacter . These endophytes w ere c har acterized by anal yzing some of the most common plant gr owth pr omoting traits. Halotoler- 
ant, inorganic phosphate-solubilizing and N-fixing str ains w ere found, and some of them sim ultaneousl y showing these three traits. 
We verified that ‘Baldo’ recruited mostly halotolerant and P-solubilizers endophytes, while the endophytes selected by ‘Primadur’ 
wer e mainl y N-fixers. The applied ex-situ plant trapping method allowed to isolate endophytes with potential beneficial traits that 
could be applied for the impr ov ement of rice and wheat growth under adverse environmental conditions. 

Ke yw ords: endophytes; Ex-situ plant trapping; harsh environments; microbial diversity; rice; wheat 
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Introduction 

Microbes, including bacteria, fungi, viruses, and other microor- 
ganisms , pla y a fundamental role in agricultural ecosystems, im- 
pacting plant health, nutrient cycling, soil fertility, and ov er all 
cr op pr oductivity (Compant et al. 2019 ; Compant et al. 2021 ).
The thin film of soil surrounding the roots, with its richness in 

lo w-molecular w eight or ganic substances, suc h as carbohydr ates,
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- 
cr obiome r epr esents a hotspot of micr obial competition. To colo- 
nize host plants, soil micr oor ganisms m ust 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 ). T herefore , the soil microbiome 
gr eatl y expands the functional r epertoir e of plants through differ- 
ent mec hanisms, whic h r emain lar gel y unexplor ed. Ho w e v er, this 
information is crucial in the understanding and management of 
microbial functions in ecosystems and in the support of future 
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lant growth in a rapidly changing en vironment. Moreo ver, since
he diversity and composition of soil bacterial communities is also
unction of soil pr operties, an alter ation of the latter due to cli-

ate change, along with artificial irrigation and unbalanced use 
f c hemicals, ar e leading to the destruction of micr obial comm u-
ities in arable soils (Ray et al. 2020 ). 

Despite the recognized importance of root-associated microor- 
anisms for plant growth and health, few studies are available on
ow the diversity of the microbiome associated with plants grow- 

ng in hostile environments can be exploited to support plant de-
 elopment under adv erse envir onmental conditions, suc h as wa-
er scarcity (Marasco et al. 2022 ; Alsharif et al. 2020 , Marasco et
l. 2023 ). 

Soil-inhabiting bacteria enabling plant growth and health be- 
ong to the class of bacteria collectiv el y defined as plant growth
romoting bacteria (PGPB) (Santo y o et al. 2016 ). 

The endophytes belong to the PGPB class and live within plants
or at least part of their life cycle with no a ppar ent disease . T hey
romote plant growth through nitrogen fixation, phytohormone 
roduction, nutrient acquisition, beside conferring tolerance to 
biotic and biotic stresses (Kandasamy and Kathirvel 2023 ). 

Plant-endophyte communication during the early stages of the 
olonization process is likely to facilitate access of endophytes to
he inside of the host plant tissues (Mushtaq et al. 2023 ). 
 is an Open Access article distributed under the terms of the Cr eati v e 
s.org/licenses/by- nc- nd/4.0/ ), which permits non-commercial r e pr oduction 
red or transformed in any way, and that the work is properly cited. For 
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Micr obial comm unities in soil can exhibit high taxonomic and
unctional diversity and contribute to se v er al ecosystem services
hat can impr ov e plant growth, nutrient assimilation, disease sup-
r ession, and ov er all plant health (Sc hlaeppi and Bulgar elli 2015 ,
ingh et al. 2020 , Aguilar-P ar edes et al. 2023 , Fagorzi et al. 2023 ). 

It has been suggested that the synthetic microbial communi-
ies (SynComs), which help simplify the complexity of soil mi-
robiome, can be exploited to promote plant productivity across
ontrasting climate and in response to extreme events (Delgado-
aquerizo 2022 , Sáez-Sandino et al. 2023 ). SynComs derived from
arsh environments might further promote plant productivity
nd impr ov e str ess r esilience in a gricultur al systems (Sc hmitz et
l. 2022 , Gonçalves et al. 2023 ). 

Culturing and establishing micr obial cultur e collections is es-
ential: (i) to study and pr eserv e the micr obial div ersity; (ii)
rovide the basis for microbiota manipulation; (iii) to produce
ioinoculants and synthetic communities for the enhancement
f plant growth and health (Qiu et al. 2019 , Mapelli et al. 2022 ,
iva et al. 2022 ). Neglected cr ops, landr aces, non-model plants,
nd progenitors of modern crop varieties are generally more re-
ilient to environmental stresses but suffer from the lack of in-
ormation on associated microbial diversity. These types of plants
an be valuable sources of novel microorganisms (Vaccaro et al.
022 ); indeed, they have been found to harbour a higher diver-
ity of r ele v ant plant gr owth-pr omoting bacteria as compared to
odern crops varieties (Bulgarelli et al. 2015 , Escudero-Martinez

nd Bulgarelli 2019 , Cangioli et al. 2022 , Massa et al. 2022 , Bianco
t al. 2021 ). The pr esence of these bacteria in the pr ogenitors of
odern crop varieties suggests that they may have played a role

n the domestication and impr ov ement of these crops and that
odern crops could benefit from the application of such bacteria

s bioinoculants (Fagorzi et al. 2023 ). 
Mor eov er, wild ancestors harbor microbial genera with traits

hic h ar e depleted in the microbiome of modern crops, though it
s unknown to what extent r e wilding could enhance the growth
nd health of modern crops (Raaijmakers and Kiers 2022 , Ro-
rigues and Melotto 2023 ). 

The isolation and c har acterization of micr obial comm unities
r om plants gr own in r emote ar eas (as in case of man y landr aces,
eglected crops, and non-model plants) is often challenging due
o a lack of suitable laboratory facilities and resources . T his dif-
culty limits our understanding of the role of micr oor ganisms in
hese ecosystems, thus hindering the possibility of exploiting the

icr obial div ersity for the gr owth of cultiv ated cr ops. 
Ex-situ plant tr a pping is a useful strategy for the collec-

ion of endophytes associated with a particular plant species
Guimarãesa et al. 2012 , Fav er o et al. 2021 ). This method involves
he collection of soils from natural habitat and their transfer to
abor atory envir onment, wher e they can be used as substrate for
he growth of cultivated crops under controlled conditions. Of
ourse, ex-situ tr a pping cannot be used to assess the diversity of
he microbiome from native plants and infer ecological parame-
ers of native soils. Ho w ever, even if local plant genotypes might
arbor differ ent micr obiomes because of a genotype-specificity
ith local microbial strains, the use of modern crops in tr a pping
f the microbial diversity present in a particular habitat allows
he isolation and direct assessment of microbes colonizing and
nhancing growth and the health of the modern crop of interest
Petipas et al. 2021 , Xiong et al. 2021 ). Ther efor e, thanks to the es-
ablished a gr onomic pr actices used for modern cr ops, ex-situ cr op
r a pping allows exploiting the biodiversity of plant-associated mi-
robiomes for practical applications (Sessitsch et al. 2019 , Fagorzi
t al. 2023 ). 
By a ppl ying the ex-situ plant tr a pping on soils collected in
arsh en vironments , it is possible to isolate micr oor ganisms well
dapted to those environmental conditions (Tian et al. 2022 ; Wang
t al. 2020 ; Mohanram and Kumar 2019 ). Plant growth in regions
 har acterized by extr eme conditions, suc h as those of the Mali
West Africa), is challenged by strong abiotic stresses such as ex-
r eme temper atur e fluctuations, high r adiation, w ater scar city,
ow nitr ogen, or ganic matter, and soil salinity (Van Andel 2010 , Sie
t al. 2012 ). Ho w e v er, plants of this r egion hav e acquir ed ada ptiv e
echanisms to thrive on soils with extremely low water content,

alinity, and high temper atur es . T he div erse micr obial comm uni-
ies residing within the tissues of these plants (endophytes) con-
ributed to the adaptation of host plants. 

These micr oor ganisms, being e volutionaril y well ada pted to ex-
r eme envir onmental conditions, can pr omote plant gr owth, and
nhance soil fertility more than microbes found in plants grown
n non-degraded soils (Alsharif et al. 2020 , Bouri et al. 2022 ). 

As pr e viousl y demonstr ated, endophytes fr om a cultur e collec-
ion established from O. glaberrina plants collected in the Inner
elta region of Mali could efficiently colonize O. sativa rice (Bianco
t al. 2021 ). This collection included se v er al str ains whose plant-
r owth pr omoting abilities wer e effectiv e for commercial v arieties
f O. sativa , indicating that the microbial diversity, both associated
ith and isolated from plants grown in harsh environment, is a
 aluable r esource for conv entional cr ops. 

In the present study, ex-situ plant trapping experiments were
erformed on soil surrounding O. glaberrima plants collected in
ali to exploit the microbial diversity associated with plants

da pted to mar ginal envir onments and, at the same time, over-
ome the difficulty of accessing r emote ar eas of Mali. Using two
er eal cr ops ( O. sativ a cv . Baldo and T riticum durum Primadur) as
r a pping plants, a collection of bacterial endophytes was estab-
ished. This experimental design allo w ed to e v aluate and com-
are the composition and main physiological features of endo-
hytes tr a pped b y the tw o cer eal cr ops and anal yze the main dif-
erences with the native endophytic bacterial communities of O.
laberrima. Results indicated that the tr a pped comm unities wer e
ependent on the host crop and were mainly composed by strains
f Bacillales and Enterobacteriales order, in a gr eement with the pre-
ious isolation of endophytes from O. glaberrina (Bianco et al.
021 ). 

Ad ditionally, host-de pendenc y w as found also at the physi-
logical le v el, with the ‘Baldo’ plants tr a pping man y halotoler-
nt bacteria, whereas ‘Primadur’ plants trapped mainly N-fixing
nes. 

Our findings foster the use of ex-situ plant tr a pping method
or the isolation of plant-associated microbial diversity and re-
nforce the concept that plant microbiome is mainly shaped by
ost species selecting endophytic bacteria with different charac-
eristics. 

aterials and methods 

eeds and soil sources 

eeds of Oryza sativa L. cv. Baldo were obtained from the Breeder
nte Nazionale Risi (Milan, Ital y), wher eas seeds of Triticum du-
um Primadur were obtained from Consiglio per la Ricerca in Agri-
oltura e l’Analisi dell’Economia Agraria (CREA, Foggia, Italy). 

The portion of soil surrounding the roots of O. glaberrima plants
rown in the region of Bamako (Mali) (12 ◦39 ′ 0.00“ N -8 ◦00 ′ 0.00 ′′ W)
ere collected one month after sowing and tr ansferr ed to labor a-

ory conditions. 
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Plant growth 

Dehulled seeds of rice (‘Baldo’) and wheat (‘Primadur’) plants were 
surface sterilized as follows: incubation in 70% EtOH, washing 
se v er al times with sterile distilled water, incubation in 5% sodium 

hypochlorite solution containing tw een 20, w ashing se v er al 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 da ys , 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 sho w ed 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, 
German y). The measur ed %C and %N v alues (0.611 ± 0.058 and 

0.090 ± 0.004, r espectiv el y) wer e 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- 
par ed. Eac h planting unit was k e pt in the growth chamber under 
long daylight (16 h), 19- ◦C temper atur e and 75% r elativ e humidity 
and water ed dail y. Once a week a nitr ogen-fr ee 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- 
mov ed fr om 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 se v er al 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 da ys . Sterilized samples (whole plants) wer e gr ound with 5 ml 
of 1 × PBS buffer using a sterile mortar and pestle. To isolate the 
endophytic bacteria, favoring the slow-growing ones, the tissue 
extr acts wer e seriall y diluted (1 : 10, 1 : 100, 1 : 1000) in 1 × 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 

onto new R2A plates . T his 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 da ys . T he 
bacterial cultures in exponential growth phase (OD 600 ± 0.7) were 
stored at −80 ◦C in a solution containing 16% (v/v) dimethyl sul- 
foxide (DMSO) and 10% (v/v) gl ycer ol. 

Dereplication of the culture collection and 

taxonomic assignment 
Dereplication of the collections was done by performing Random 

Amplified Pol ymor phic DNA (RAPD) anal ysis. Lysates fr om eac h 

isolate were used as templates for PCR amplification using previ- 
usly optimized conditions with primer 1253 (5 ′ -GTTTCCGCCC-3 ′ ) 
Mengoni et al. 2014 ). 

Reactions were assembled in 25 μl total volume containing 1X
oTaq ® Master Mix (Promega Corporate, WI, USA) with 3 mM
gCl 2 , 500 ng of primer. Reactions were performed on a T100 ther-
al cycler (Bio-Rad Cor por ate , C A, USA) pr ogr ammed for an initial
elting step at 94 ◦C for 5 min follo w ed b y 45 c ycles each at 94 ◦C

or 30 sec, 36 ◦C for 30 sec and 72 ◦C for 2 min. A final extension
tep at 72 ◦C for 10 min was performed. 

After a gar ose gel electr ophor esis (2.5% in 40 mM Tris-acetate,
 mM EDTA buffer) for 1.5 h at 10 V/cm, band pr ofiles wer e
nalysed by GelComparII ver. 2.5 software (Applied Maths, Sint- 
artens-Laten, Belgium) to identify distinct band patterns and 

ssign them to isolates. Band patterns are indicated as “groups”
nd correspond to distinct haplotypes . T he amplification and se-
uencing of 16S rRNA gene for each isolate were carried out as
r e viousl y r eported (Bianco et al. 2021 ). Taxonomic assignment
as performed with SILVA database v. 138.1 (Quast et al. 2013 ).
he matrix of occurrence of each RAPD haplotype in the col-

ections was used to compute alpha diversity values (Shannon 

 and Ev eness), m ultiv ariate and univ ariate anal yses (Øyvind et
l. 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 P er centage) (Clarke 1993 ) was used for as-
essing whic h RAPD gr oup ar e primaril y r esponsible for observ ed
iffer ences between tr a pped and r efer ence plant collection and
as performed with Past 4 software (Hammer et al. 2001). 

acterial identification by 16S rRNA gene 

equence analysis 

ells of each strain w ere gro wn aerobically in LB medium at 30 ◦C,
n a shaker at 200 r/m, for 24 h. Aliquots (200 μl) of cultures were
septically collected and centrifuged at 10 000 × g for 10 min,
o obtain supernatant-free cells. Cells were then suspended in 

00 μl TE 1x containing 1% Triton and incubated at 100 ◦C for
0 min. The bacterial suspension was centrifuged for 5 min at
0.000 x g and the resulting supernatant used as DN A sour ce to
mplify the 16S rRNA gene fr a gment (1.4 Kb). To amplify the 16S
RNA gene fr a gment (1.4 Kb), the universal primer pairs 8–27F (5 ′ -
GA GTT TGA TCC TGG CTC AG-3 ′ ) and 1510–1492R (5 ′ -ACG GCT
CC TTG TTA CGA CTT-3 ′ ), 100 ng of genomic DNA and 0.03 U of
reamTaq Hot Start DNA Polymerase (Thermo Scientific, Walth- 
an, MA, USA) were used following the pr ocedur e r eported in

ianco et al. ( 2021 ). Sanger (dideoxy chain terminator technol-
gy) sequencing was performed from 8–27F using the Brilliant 
ye terminator 1.1 kit (NimaGen, Nijmegen, The Netherlands) by 
MR Genomics (P adov a, Ital y). Sequences wer e manuall y c hec ked
sing Bioedit (Hall et al. 2011 ) and assigned to bacterial taxon-
my using SILVAngs Version: 1.9.10 / 1.4.9 run on SILVA database
138.1 ( https:// ngs.arb-silva.de/ ). Sequence data are deposited on
enBank database under the accessions OR186984-OR187002 and 

R187006-OR187042. 

creening of plant gr owth-pr omoting (PGP) 
ctivities 

ndole-3-acetic acid (IAA) production by Salkowski colori- 
etric assay 

acterial cultures grown over-night in LB medium containing 
00 μM L-tryptophan at 30 ◦C were centrifuged and the super-
atant mixed with Salkowski reagent in a 1 : 1 ratio and incu-
ated at 30 ◦C for 30 min in the dark (room temperature). The ab-

https://ngs.arb-silva.de/
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orbance of the mixtures was estimated at 530 nm. The bacterial
ells were used for data normalization (Bianco et al. 2021 ). 

hosphate solubilization in liquid medium 

ells of the selected strains were grown aerobically in LB medium
t 30 ◦C, on a shaker at 200 r/m for 24 h, washed three times with
.9% NaCl and then resuspended in Piko vska ya’s (PVK) medium
ontaining insoluble phosphate substrate (Nautiyal 1999 ). The
omposition of the PVK medium was (g L −1 ): Glucose 10 g,
a 3 (PO 4 ) 2 5 g, (NH 4 ) 2 SO 4 0.5 g, NaCl 0.2 g, KCl 0.2 g, MgSO 4 .7H 2 O
.1 g, Yeast Extract 0.5 g, MnSO 4 .H 2 O 0.1 mg, FeSO 4 .7H 2 O 0.1 mg. 

Bacterial cultures in PVK medium were incubated at 30 ◦C on
 shaker at 200 r/m. After 6 days of incubation, aliquots (250 μl)
f cultur es wer e asepticall y collected and centrifuged at 10 000

g for 10 min, to obtain a biomass-free supernatant. The solu-
le phosphate concentration in the supernatants was estimated
sing the molybdenum blue method (Saheki et al. 1985 ). The re-
ction mixtures containing 150 μl sample, 120 μl Reagent A and
80 μl Rea gent B wer e incubated for 10 min a 30 ◦C. The absorbance
f the samples was measured at 850 nm using a DU 800 UV/Visible
pectr ophotomer (Bec kman Coulter, Br ea, CA, US). A mixtur e con-
aining Reagent A, Reagent B and buffer was used as reference. 

alotolerance assay 

he endophytic isolates wer e scr eened for salt-toler ance pr op-
rties 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).
ontrol plates were maintained with 1% (171 mM) NaCl (w/v).
r esh cultur es of eac h str ain wer e str eaked on plates contain-
ng different levels of NaCl. After incubation for 24 h at 30 ◦C, the
rowth on the NaCl-supplemented plates was compared with that
f the control ones. 

CR amplification of the nitr ogenase ir on pr otein gene (nifH)
o identify nitrogen-fixing (diazotrophic) bacteria, a PCR amplifi-
ation of the nifH gene was performed by using the primer pairs
9F (5 ′ -GCI WTY T A Y GGI AAR GGI GG-3 ′ ) and 407R (5 ′ -AAI CCR
CR CAI ACI ACR TC-3 ′ ), which amplified a 388 bp fragment of

he nifH gene . T he amplification r eactions wer e carried out by us-
ng 100 ng of genomic DNA and 0.03 U of DreamTaq Hot Start
NA Pol ymer ase (Thermo Scientific, Walthman, MA, USA) as de-

cribed in Bianco et al. ( 2021 ). The DNA of Sinorhizobium meliloti
021 was used as positiv e contr ol, while the DNA of the Esc heric hia
oli MG1655 was used as negative control. 

itrogenase activity by acetylene reduction assay (ARA) in
noculated plants 
ehulled seeds of O. sativa cv. Baldo (CREA-CI, Research Centre for
ereal and Industrial Crops, Vercelli, Italy) and Primadur (CREA-
I, Foggia, Ital y) wer e surface sterilized and germinated as de-
cribed abo ve . After 5 da ys , germinated seeds were incubated in
etri dishes with 50 ml of 1 × PBS solution containing each strain
o a final concentration of 10 7 cells mL −1 for 4 h at room tem-
er atur e. Seeds incubated in 1 × PBS were used as control. Inoc-
lated seeds were transferred into plastic pots ((7 cm in length
nd 10 cm in diameter) containing sand (1.0 mm granule size)
nd perlite (3–4 mm granule size) in 1 : 1 ratio (rice) or 3 : 1 ra-
io (wheat). One-week-old plants ( ‘ Baldo’ and ‘Primadur’), grown
s pr e viousl y described, wer e car efull y r emov ed fr om the pots and
he roots rinsed with water. The plants were transferred into 20 ml
lass tubes containing 2 ml of minimal medium free of nitrogen
ources, sealed with rubber serum stopper, incubated under a hy-
oxic atmosphere in a greenhouse for 20 h and analysed for the
RA assay as described by Defez et al. ( 2017 ). The amount of ethy-
ene produced was measured by gas chromatography by using a
G-IBOND Alumina (Na 2 SO 4 deactivate) column (Thermo Scien-

ific) as pr e viousl y described (Andr eozzi et al. 2019 ). Data ar e ex-
ressed as nmol ethylene plant −1 min 

−1 and are the mean ± SD of
t least six independent replicates. Tubes containing plants with-
ut injected acetylene were used as negativ e contr ol. Six biological
 eplicates wer e carried out for the measur ement of nitr ogenase
ctivity by ARA test and the resulting data were subjected to Stu-
ent’s t -test. The r esults wer e consider ed statisticall y significant
hen P ≤ 0.05. 

esults 

rapped biodi v ersity of the culture collection 

he 462 random isolates obtained from tissues of rice (Baldo) and
heat (Primadur) plants grown in soil from Mali and in the ref-

r ence soil, wer e der eplicated into 97 ha plotypic gr oups by RAPD
creening ( Table S1 ). The diversity and differences of the two host
lant species collections from the two different soils were evalu-
ted. Table 1 reports the values of diversity (Richness, Shannon,
venness) of the collections. 

The richness (number of haplotypes obtained) ranged from 5
Baldo, contr ol r eplica C) to 21 (Baldo r eplica A). Baldo r efer ence
ollections obtained from plants grown in sterilized sand-perlite
ubstrate sho w ed lo w er v alues of div ersity (Shannon) as com-
ared to collections deriving from the trapping of plants grown in
ali soil (p < 0.05, one-way ANOVA, Tuk e y pairwise post hoc test).

rimadur collections did not shown statistically significant differ-
nces in diversity indices . T he differences in the representation
f the 97 RAPD haplotypes were then evaluated. Fig. 1 shows the
 esults fr om a Principal Component Analysis . T he endophytic col-
ections tr a pped by both Baldo and Primadur plants grown on ster-
lized substrate were strongly separated from the ones trapped
y plants grown on Mali soil. Mor eov er, while tr a pped collections
ere quite similar among replicates, a higher heterogeneity can
e observed for replicates of controls. 

Endophytic collections recruited by rice (Baldo) and wheat (Pri-
adur) plants were, as expected, clearly distinguished (Fig. 2 ),

upporting the consistency of the method to effectiv el y tr a p spe-
ific endophytic communities. 

To further inspect the consistency of the method and the effect
f crop species, the contribution of each RAPD haplotype to the
eparation between trapped Mali soil collection and isolates from
 efer ence plants wer e e v aluated. The SIMPER anal ysis was a pplied
o measure the amount of variance from the occurrence of each
f the 97 RAPD groups in the collection. 

Results of SIMPER analysis (Tables 2 and 3 ) indicated that for
oth plants the first 10 groups contributed to more than 90% of the
otal v ariance, separ ating Mali soil fr om contr ols, thus indicating a
harp distinction between trapped Mali soil microbiota and refer-
nce plants endophytes. Although the RAPD groups of Baldo and
rimadur plants wer e partiall y differ ent, as expected fr om the ef-
ect of the host plant species (Bulgarelli et al. 2015 ), they sho w ed
 groups in common (groups 6, 11, 38, 44), indicating that the two
er eal cr ops also select a cor e endophytic micr obiome. 

dentification of endophytic bacteria 

he 97 different haplotypic groups obtained in the RAPD screen-
ng were further analysed to select only the isolates coming ei-
her from Baldo or from Primadur plants. From the exclusion of
he isolates ca ptur ed by contr ol plants gr own in the sand-perlite

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae041#supplementary-data
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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, P A29, P A40, PB8 and B A7, B A18, B A27, B A30) 
suggesting the presence of strains of the same species but with 

differ ent genomic featur es in wheat and rice tr a pped collections,
r espectiv el y. When the endophytic bacterial communities of 
the two plant species were compared, it was found that, at the 
genus le v el, Bacillus and Enterobacter wer e the most abundant in 

the ‘Baldo’ plants, r epr esenting 32% and 19% of the 57 isolates,
r espectiv el y, follo w ed b y Paenibacillus (12%). The r elativ e abun- 
dance of other genera ranged between 2% and 7%. On the other 
hand, in ‘Primadur’ plants K osakonia w as 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 
str ess r esistance, phosphate solubilization, and nitrogen fixation.
The r esults r eported in Table 4 and Table 5 sho w ed that: i) 21 en- 
dophytes were able to produce IAA; ii) 9 endophytes were capable 
of solubilizing calcium phosphate and 3 of them (B A22, B A26, and 

BB19) were the best performers. Among these P-solubilizers, six 
wer e r ecruited by ‘Baldo’ plants and the other thr ee wer e caught 
by ‘Primadur’. When the isolated endophytes were screened for 
salt tolerance, we found that 15 strains sho w ed a great level 
of tolerance at 7% NaCl as compared to the untreated control 
(Table 4 ). Among them, three endophytes recruited by ‘Baldo’ 
plants (B A3, B A18, and B A30) sho w ed the best gro wth in the 
presence of 7% NaCl. The data reported in Table 4 also sho w ed 

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 
micr obial comm unity, sho w ed 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 diazotr ophic natur e 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 r efer ence (Table 5 ). The highest activity 
was measured for the strains BA11, P A20b, P A40, PB8, and PB24.
Among these 5 strains, tw o (B A11 and PA20B) sho w ed 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 
wer e diazotr ophs; (iii) 93% of halotoler ant str ains wer e ca ptur ed 

by rice plants; (iv) about 40% of all isolates produced IAA; (v) the 
majority of phosphate-solubilizing isolates were recruited by rice 
plants. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae041#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae041#supplementary-data
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Figure 1. Principal Component Analysis from RAPD haplotype composition. (A), Baldo; (B), Primadur. T he biplots , performed using the function 
‘prcomp()’ in R and visualized using the pac ka ge ‘ggplot2’, r eport the v ectors r elated to the weight of single RAPD ha plotypes (gr oups). P er centages of 
total variance explained by the first two components are indicated. 
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iscussion 

he supply of food for the increasing human population is one
f the greatest challenges for the agrarian community. The main
trategy for the improvement of plant production is the use of
 gr oc hemicals, whic h ho w e v er cause deteriorating effects on soil
ealth and fertility, and in turn negativ el y influence the produc-
ivity and sustainability of crops (Le Mouël and Forslund 2017 ).
n this context, the use of natur all y abundant micr oor ganisms as
iofertilizers to supply nutrients to plants takes on particular sig-
ificance both in terms of costs and the envir onment (K e et al.
021 ). 

Despite the numerous studies carried out in this field, the role
f micr obial comm unities in pr omoting cr ops pr oductivity and
nvironmental sustainability is not yet fully explored. Indeed,
ost of the studies are related to model plant species, while non-
odel cr ops, landr aces and local v arieties hav e r eceiv ed little at-

ention (Vaccaro et al. 2022 ). Moreover, beneficial microbial sys-
ems involved in plant growth promotion are frequently not only
rop-specific but also strongly influenced by agronomic practices
nd ecological factors, whose effects are magnified in the current
lobal climate changes (Sessitsch et al. 2019 ). To address such
roblems, plant species or varieties adapted to growth in extreme
nvironments could be considered a hot spot of helpful biodiver-
ity to be used as source of beneficial micr oor ganisms ca pable of
r omoting ada ptation of cr op plants to harsh envir onmental con-
itions (Massa et al. 2022 , Fagorzi et al. 2023 ) 

Ho w e v er, the selection of beneficial micr oor ganisms fr om
lants adapted to different extreme environments and their use

n promoting the growth of the crops of interest is a complex pro-
edure facing the need to isolate a native microbial community
ir ectl y fr om plants collected in remote areas. Since plants shape
heir micr obiome (Bulgar elli et al. 2015 , Xiong et al. 2021 ), we can
r

ypothesize that plants (e.g. local landr aces) gr own in harsh envi-
onments could harbor a microbiome enriched in relevant func-
ions, which could help crops cope with different environmental
onditions. 

Bianco et al. ( 2021 ) demonstrated that some culturable endo-
hytic bacteria isolated from O. glaberrima plants grown in Mali
ere able to colonize quite efficiently the domesticated Asian rice
ryza sativa cv. Baldo, selected to grow in the typical cold and wet
nvironmental conditions of Northern Italy. They found that out
f 70 strains isolated from O. glaberrima plants, 36 (51.4%) belonged
o the Enter obacter ales order and 5 (7.1%) to Bacillales . T hey also
emonstrated that inoculated Baldo plants sho w ed high activity
f enzymes involved in salt str ess r esponse (Bianco et al. 2021 ).
hese results suggested that plants adapted to extreme ecosys-
ems could harbor a microbiome enriched in strains with func-
ions r ele v ant to other host plants, suc h as rice ( O. sativ a cv. Baldo)
nd wheat ( Triticum durum Primadur). 

In the present study, the soil surrounding O. glaberrima roots
rown in Mali (West Africa) was tr ansferr ed to labor atory condi-
ions and used to identify culturable endophytes potentially use-
ul for promoting the growth of Italian commercial rice and wheat
arieties. 

We demonstrated that the ex-situ pr ocedur e used was robust in
apturing the microbial diversity from soil and in minimizing the
ffect of “envir onmental” contamination fr om other endophytic
acteria. Indeed, the alpha diversity of the isolates obtained from
lants grown in Mali soil was higher than the r efer ence plants
rown in sterilized perlite-sand mix. In addition, the beta diversity
ndicated a high consistency of replicates of the endophytic col-
ections from Mali soil, while those from references were quite dis-
imilar. The high consistency of tr a pping r eplicates and the str ong
epar ation fr om r efer ence plants suggested that this method was
obust. 
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Figure 2. Principal Component Analysis from RAPD haplotypes of Baldo and Primadur collections trapped from Mali soil. The number of haplotypes 
obtained for each biological replicates and highlighted with the letter A, B and C was as indicated in Table 1 . Percentages of total variance explained by 
the first two components are indicated. 

Table 2. Results fr om SIMPER anal ysis for Baldo. The first ten RAPD 

gr oups ar e indicated. The percenta ge of contribution to variance 
is reported. 

Haplotype Contribution % 

Group 45 57 .28 
Group 11 10 .94 
Group 12 10 .34 
Group 6 8 .681 
Group 38 8 .043 
Group 44 2 .043 
Group 62 0 .1277 
Group 58 0 .1277 
Group 59 0 .1277 
Group 57 0 .1277 

Table 3. Results fr om SIMPER anal ysis for Primadur. The first ten 

RAPD gr oups ar e indicated. The percentage of contribution to vari- 
ance is reported. 

Haplotype Contribution % 

Group 6 41 .62 
Group 44 13 .93 
Group 38 7 .005 
Group 29 6 .758 
Group 83 4 .368 
Group 11 4 .066 
Group 13 3 .874 
Group 20 2 .885 
Group 95 2 .802 
Group 92 2 .143 

p  

p  

p  

c
a

l
f  
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 tr a pped 

haplotypes sho w ed a differ ential occurr ence in the two host 
lants, allowing to define two different groups for the two host
lants, r espectiv el y. Inter estingl y 3 gr oups wher e pr esent in both
lants, suggesting that they may belong to a core endophytic mi-
robiota able to colonize both rice and wheat (Escudero-Martinez 
nd Bulgarelli 2019 , Bianco et al. 2021 , Riva et al. 2022 ). 

The taxonomic identification of the isolated haplotypes high- 
ighted greater taxonomic diversity in the collection obtained 

rom ‘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. 

Strain a Genus IAA Production 
Salt tolerance 

(7% NaCl) 
Phosphate 

solubilization nifH gene 

Nitrogenase 
activity (nmol 
C 2 H 4 plants −1 

min −1 ) 

BA1 Bacillus - + - - - 
BA2 Paenibacillus - - - - - 
BA3 Bacillus + ++ - + + 

BA5 Bacillus + + - - - 
BA7 Bacillus - + - - - 
BA8 Paenibacillus - - - - - 
BA11 Bacillus + + - + + 

BA14 Bacillus - + - - - 
BA18 Bacillus - ++ + - - 
BA20 Pseudomonas - - - - - 
BA21 Paenibacillus - - + - - 
BA22 Paenibacillus - - ++ - - 
BA26 Staphylococcus + - ++ - - 
BA27 Bacillus - + - - - 
BA29 Bacillus + - - - - 
BA30 Bacillus - ++ - - - 
BA38 Bacillus - + - - - 
BB1 Chryseobacterium - - - - - 
BB4 Acinetobacter - - - - - 
BB11 Chryseobacterium + - - - - 
BB14 Chryseobacterium - - - - - 
BB17 Paenibacillus + - + - - 
BB18 Chryseobacterium - - - - - 
BB20 Acinetobacter - - - - - 
BB22 Bacillus - + - - - 
BB24 Bacillus - + - - - 
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 + - - - - 
PA5 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 - + - - - 

+ , positiv e r esponse; -, negativ e r esponse. 
a 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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Figure 3. Taxonomic composition of the 57 strains representing the RAPD groups of isolates trapped from Mali soil and unshared between Baldo and 
Primadur. The bacterial taxonomy of each isolate was obtained using SILVAngs Version: 1.9.10 / 1.4.9 run on SILVA database r138.1 
( https:// ngs.arb-silva.de/ ). 
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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 fr om O. sativ a could be attributed to many factors, including 
plant species, plant growth stage, in vitro cultivation, and changes 
n soil microbiota during its transfer from the field to the labo-
atory. Ho w ever, the aim of the applied ex-situ plant trapping was
o isolate useful microbial diversity and produce information on 

he effects of plant species, and not to infer ecological patterns of
ative soil or plant tissues. 

Concerning the identified bacterial genera, the Bacillus one is 
mong the most abundant in the rhizosphere of extreme environ-
ents (Deng et al. 2023 ). Mor eov er, Bacillus species ar e the most
idespread and abundant metabolite-producing bacterial endo- 

https://ngs.arb-silva.de/
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Table 5. Nitrogenase activity of Oryza sativa cv. Baldo plants inoc- 
ulated with the selected N-fixing endophytes. 

Strain 
Nitrogenase activity a (nmol 

ethylene plant −1 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 
PA5 0.07 ± 0.01 
PA6 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 
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hytes (Tsotetsi et al. 2022 ), r epr esenting an important member of
he “cor e” cultiv ated plant-associated bacterial taxa (Radhakrish-
an et al. 2017 ). Their plant gr owth pr omoting activities hav e been
ssociated with the production of secondary metabolites, produc-
ion of plant hormone (e.g. IAA), nitrogen fixation, solubilization of
inc , potassium and phosphorous , up-r egulation of str ess r egulat-
ng genes, and synthesis of bio-control agents (Radhakrishnan et
l. 2017 ). The first commercial bacterial fertilizer, Alinit , was de v el-
ped from Bacillus spp. and resulted in a 40% increase in crop yield
Romano et al. 2020 ). Results re ported in this stud y sho w ed that
he endophytes identified as IAA pr oducers, halotoler ant str ains,
nd P-solubilizers were mostly Bacilli. These data suggest that the

solated Bacillus endophytes could be used to impr ov e the response
f host plants (rice and wheat) to abiotic stresses. 

As far as Kosakonia is concerned, in the last fe w years, se v-
ral members of this genus have been identified as endophyte
f differ ent cr ops (e .g. wheat, maize , tomato, pea, and crucifer-
us vegetable) and their growth-promoting effects and plant yield
mpr ov ement hav e been reported (Hoang et al. 2016 , Ka¨mpfer
t al. 2016 ). Furthermor e, in r ecent years, genome sequences for
e v er al members of this genus have been released (Mosquito et
l. 2020 ). Ho w e v er, since this genus is r elativ el y young, man y of
ts featur es hav e yet to be studied. Results her e r eported clearl y
how that about 85% of isolated N-fixers endophytes were Kosako-
ia strains, thus indicating that nitrogen fixation could be con-
idered as one of the c har acteristic tr aits of this genus . T hese
ata confirmed our pr e vious r esults r egarding O. glaberrima en-
ophytes (Bianco et al. 2021 ) and the results obtained with other
er eal cr ops (Bloc h et al. 2020 , Chen et al. 2020 ). Besides confirming
hat different host plants select different endophytic microbiomes
n terms of taxa, our study also sho w ed that they differentiated
n term of functions: ‘Baldo’ plants mainl y r ecruited halotoler-
nt and P-solubilizer str ains, wher eas ‘Primadur’ plants mainly
ngaged N-fixing strains and IAA-producers . T hese results could
rise from different nutritional requirements or from a different
ensitivity to environmental stimuli, which could mean that in
ature these plants select the microbial partners populating soil
ccording to their needs (Olanr e waju et al. 2019 ; Rolfe et al. 2019 ,
olli et al. 2021 ). Indeed, rice is very sensitive to salinity stress
nd is curr entl y listed as the most salt sensitiv e cer eal cr op with
 threshold of 3 dSm 

−1 for most cultiv ated v arieties (Wang et al.
021 ), whereas a soil is gener all y consider ed as salt-affected if
t has an electrical conductivity of its saturation extract above 4
Sm 

−1 (Hoang et al. 2016 ). Rice loses 10% of its yield e v en when
he electrical conductivity is 3.5 dSm 

−1 . On the other side, ma-
ur e wheat gr ain has a higher pr otein content (accounting for 10–
8% of endosperm dry weight) compared with other major cereals,
uch as rice ( Oryza sativa ), maize ( Zea ma ys ), ry e ( Secale cereale ), and
illet ( Pennisetum glaucum ) (Wang et al. 2021 ). N plays the most

mportant role in determining protein content, dough quality, and
r ocessing c har acteristic of wheat. Furthermor e, wheat is the ma-

or crop with the lo w est nitrogen use efficiency (NUE), and only
0–35% of applied N fertilizer could be absorbed (Coskun et al.
017 ). 

We suggest that the selective action on the soil microbiome,
hic h favor ed the r ecruitment of specific taxa having particular

unctions, could result from: i) ‘Baldo’ and ‘Primadur’ plants pro-
ucing different input resources, such as the exudates (Chai and
c hac htman 2022 ); ii) ‘Baldo’ and ‘Primadur’ plants having differ-
nt immune system (Oukala et al. 2021 ), which ma y ha ve fa vored
he colonization and multiplication of endophytes able to adapt
r avoid the defense machinery of the host plants (Rolfe et al.
019 , Rolli et al. 2021 ). Ho w e v er, since the differential taxonomy
i.e . Bacillus vs . Kosakonia ) of the collections co-occur with different
GP functions, we cannot define if the two host plants select endo-
hytes based on the taxonomy or the PGP functions. In the present
tudy, we demonstrate that the applied ex-situ trapping method
an effectiv el y enric h a cultur e collection with nitr ogen-fixing
acteria, as well as P-solubilizers, features for which no efficient
late enrichment methods yet exist. Our data also strengthened
he concept that IAA-producers are widespread among plant-
ssociated bacteria (Spaepen and Vanderleyden 2011 ). 

Further studies will allow us to understand the differential en-
ic hments observ ed for ‘Baldo’ and ‘Primadur’ plants and provide
 mechanistic interpretation for these differences. 

Data reported in this manuscript highlight the following con-
epts: i) endophytes associated with plants grown in harsh condi-
ions hold ada ptiv e featur es, whic h could be exploited to impr ov e
he growth of cultivated crops under stressful environmental con-
itions; ii) the ex-situ plant tr a pping is an efficient system for the

solation of wide range of genetic diversity of endophytic bacte-
ia and to overcome the difficulties of carrying out experiments
n remote areas. 
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