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Abstract

Background and Aims Laboratory and greenhouse ex-
periments have shown that root-associated bacteria have
beneficial effects on grapevine growth; however, these
effects have not been tested in the field. Here, we aimed
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to demonstrate whether bacteria of different geographi-
cal origins derived from different crop plants can colo-
nize grapevine to gain a beneficial outcome for the plant
leading to promote growth at the field scale.

Methods To link the ecological functions of bacteria to
the promotion of plant growth, we sorted fifteen bacte-
rial strains from a larger isolate collection to study
in vitro Plant Growth Promoting (PGP) traits. We
analysed the ability of these strains to colonise the root
tissues of grapevine and Arabidopsis using green-
fluorescent-protein-labelled strain derivatives and a cul-
tivation independent approach. We assessed the ability
of two subsets randomly chosen from the 15 selected
strains to promote grapevine growth in two field-scale
experiments in north and central Italy over two years.
Parameters of plant vigour were measured during the
vegetative season in de novo grafted vine cuttings and
adult productive plants inoculated with the bacterial
strains.

Results Beneficial bacteria rapidly and intimately colo-
nized the rhizoplane and the root system of grapevine. In
the field, plants inoculated with bacteria isolated from
grapevine roots out-performed untreated plants. In both
the tested vineyards, bacteria-promotion effects largely
rely in the formation of an extended epigeal system
endowed of longer shoots with larger diameters and
more nodes than non-inoculated plants.

Conclusions PGP bacteria isolated in the laboratory can
be successfully used to promote growth of grapevines in
the field. The resulting larger canopy potentially in-
creased the photosynthetic surface of the grapevine,
promoting growth.
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Introduction

Plant Growth Promoting (PGP) bacteria can impart
characteristics that improve plant growth either directly
by providing nutrients to the roots or indirectly by
contributing to plant hormone homeostasis and resis-
tance to pathogens (Berg 2009; Lugtenberg and
Kamilova 2009; Philippot et al. 2013; Panke-Buisse
etal. 2015). These powerful properties have been shown
at laboratory scale using in vitro assays (Zamioudis et al.
2013; Salomon et al. 2014) , soil microcosm tests (Sabir
etal. 2012; Suarez et al. 2015), and field-like conditions
(Shishido 1996; Chanway 1997; Aslantas et al. 2007;
Magnin-Robert et al. 2013; Rolli et al. 2015). However,
the role these symbionts play in field-scale agricultural
environments remains poorly understood (Bashan et al.
2014 and reference therein; Berger et al. 2015; Garcia-
Seco et al. 2015; Garima and Nath 2015). The estab-
lishment of a successful interaction with field-grown
plants implies the ability of the amended bacteria to
colonize both the root tissues - as endophytic bacteria -
and the rhizoplane and to perform the beneficial effect
on plant growth and development. They are thus called
root-associated PGP bacteria (Schlaeppi and Bulgarelli
2015). Knowledge of detailed interactions between bac-
teria and plant is limited, even for many commercially
available PGP bioformulations (Calvo et al. 2014). Most
studies have been conducted on annual crop plants, such
as radish, lettuce and sunflower (Berger et al. 2015;
Sahin et al. 2015; Shahid et al. 2015), leaving the
interaction between PGP bacteria and perennial arboreal
plants poorly explored (Magnin-Robert et al. 2007,
Magnin-Robert et al. 2013; Bashan et al. 2014;
Gomez-Lama Cabanas et al. 2014; Aziz et al. 2015).
Grapevine is an economically important fruit crop
cultivated over a large latitudinal range in Europe and
the Middle East: in the northern hemisphere from 20 to
50°, from Saudi Arabia (Taif region) to Belgium (Wal-
lonia region) (FAOSTAT n.d.). Grape productivity and
fruit quality are threatened at all the latitudes (Chaves
et al. 2010; Edwards and Clingeleffer 2013). Grapevine
is a long-lasting cultivation: three years are required
before new cuttings become productive, and, once
established, adult plants can be maintained in vineyards
for more than thirty years (Champagnol 1984; Vercesi
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2010). The rhizosphere and root tissues, which comprise
the grape root system, contain a subset of soil microor-
ganisms that provide ecological services to the plant
(Zarraonaindia et al. 2015). The grapevine core
microbiome imparts similar PGP characteristics inde-
pendent of geographical location, suggesting the persis-
tence of a core set of PGP traits that influence plant
development (Marasco et al. 2013). These bacteria can
migrate from the root to the shoot of grapevine
(Compant et al. 2010; Compant et al. 2011) surviving
in the fruit (Bokulich N et al. 2014; Gilbert J et al. 2014).
Moreover, recent works demonstrated how grape tissues
can be colonized by both autochthonous and allochtho-
nous bacteria (Compant et al. 2013; Rolli et al. 2015).

In this work, we assess whether bacteria of different
geographical origins derived from different crop plants
were able to effectively colonize grapevine roots, lead-
ing to a beneficial interaction that could result in a
promoted growth in the field (Carvalho et al. 2016).
We sorted 15 strains from a larger isolate collection for
in vitro PGP characteristics and their ability to colonise
roots. We assessed the ability of two subsets of the 15
selected strains to promote grapevine growth in two
field-scale experiments in north and central Italy over
two years. The aim of the work was to assess the
potential of plant growth promoting bacteria to support
the growth of grapevine under field conditions. We were
not aimed to compare a set of bacteria on different
cultivars but rather to test the largest number of strains
as possible to demonstrate that bacteria are a useful
biotechnological resource for grapevine crop
management.

Materials and methods
Vineyards, plant material and experimental design

To maximize the number of observations, the field ex-
periments were performed in two vineyards:
Franciacorta (Lombardy region, Brescia province,
northern Italy, 45°56'56"N; 9°97'53"E) owned by the
“Castello Bonomi” farm (CB) and Montefalco (Umbria
region, Perugia province, central Italy, 42°53'32"N;
12°38'53"E) owned by the “Arnaldo Caprai” farm
(AC). Supplementary Fig. S1 and Supplementary
Table S1 report the climate conditions and the chemical
analyses of the soils at these farms. The field experi-
ments were designed with, approved by and run by the
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technical staff of the two farms. Permission to conduct
these experiments was granted by the owners of the two
farms. The field study did not involve endangered or
protected species. The field plots were chosen by the
technical staff of the farms as the most suitable for the
cultivars in the respective areas.

Field experiments were conducted on both grape
plantlets (one-year-old Syrah plantlets grafted onto
1103P rootstock and one-year-old Sauvignon plantlets
grafted on SO4 rootstock) and adult grape plants (17-
year-old Syrah plants grafted onto Fercal rootstock) in
2010 and 2011. The two cultivars used in this study
have been chosen mainly on the base of their distribu-
tion and importance in the two studied farms. We tested
the effect of different PGP bacteria on plant growth by
measuring vegetative (shoot diameter, shoot length,
node number) and productive (number of grape bunches
per plant and total fruit yield per plant) parameters. Six
treatments (non-treated and treatment with strains B1,
B2, B3, B4 or B5) were applied to 12 Syrah plantlets
each distributed along three blocks that included four
plants, randomly distributed in the CB vineyard in both
2010 and 2011. Eleven treatments (plants non-treated,
and plants treated with strains B7, B8, B9, B10, B11,
B12, B13, B14, B15 or B16) were applied to 50
Sauvignon plantlets each in two plots that included 25
plants, randomly distributed in the AC vineyard in 2010.
In 2011, this experiment was repeated using only the
best three treatments (plants treated with strains B7, B8
and B10 and the non-treated control plants) on the
previously treated plantlets. During 2011, adult plants
in the CB vineyard were also treated with the B1, B2,
B3, B4 or BS strains in order to test the potential of PGP
bacteria to support and promote growth in adult plants
under field conditions. Each treatment was on 12 ran-
dom plants in three blocks that included four plants
each. The control plants were untreated.

Origin and PGP potential of the selected bacteria

The 15 bacterial strains used in the study were a subset
of a larger collection of bacteria isolated from the rhizo-
sphere and the root endosphere of several Mediterranean
plants, including grapevines, olive trees and pepper
plants, according to the protocol described by Marasco
et al. (2012). To span a large phylogenetic range, we
included different bacterial genera and species among
the fifteen selected strains. The strains, species affilia-
tions and characteristics are reported in Table 1. The

partial 16S rRNA gene sequences of the selected strains
were deposited in the NCBI database (accession
numbers reported in Table 1). Bacteria with multiple
in vitro PGP activities, such as auxin (Indole-3-acetic
acid, IAA) production, 1-Aminocyclopropane-1-
Carboxylate (ACC) deaminase activity,
exopolysaccharide production, phosphate
solubilisation, siderophore production, potential nitro-
gen fixation, protease and ammonia production, were
selected for screening assays. The screenings were per-
formed as follows. Briefly, TAA production was estimat-
ed as described by Bric et al. (1991). The presence of
IAA in the culture supernatant was determined spectro-
photometrically at 530 nm. Pure IAA (Sigma-Aldrich,
Italy) was used as the standard and uninoculated medi-
um served as the control. ACC-deaminase activity was
evaluated as described by Penrose and Glick (2003).
Bacteria were streaked on DF-ACC medium prepared
by adding, just prior to use, the ACC solution (Sigma-
Aldrich, Italy) to autoclaved DF minimal medium. DF
medium (without a nitrogen source) was used as the
control. Solid DF and DF-ACC media were supple-
mented with 1.5 % ultrapure agar. DF-ACC and DF
plates were incubated for 96 h at 30 °C. Bacteria able
to grow only in the DF-ACC medium were identified as
positive for ACC deaminase activity.
Exopolysaccharide production (Ali et al. 2014) was
estimated by growing bacteria on a RCV-sucrose agar
medium as described by Santaella et al. (2008). Phos-
phate solubilization was assessed as described by
Ahmad et al. (2008). The solubilization halo formed
after one week of incubation at 30 °C was evaluated.
Siderophore production was detected according to the
protocol described by Milagres et al. (1999) using
chrome azurol sulphonate (CAS) agar plates. The for-
mation of orange halos on CAS agar plates after incu-
bation for one week at 30 °C was evaluated. Potential
nitrogen fixation activity was evaluated on a nitrogen-
free (NFB) medium (Dd6bereiner 1980). Protease activ-
ity was determined by growing isolates on skimmed
milk agar (Nielsen and Serensen 1997). Ammonia pro-
duction was tested in peptone water according to the
protocol designed by Cappuccino and Sherman (1992).

Bacterial recolonization of plant roots
Recolonization assays were performed on grapevines

and the model plant Arabidopsis thaliana using
fluorescent-labelled strain derivatives. We aimed to
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Table 1 Screening of in vitro bacterial PGP traits. PGP traits of the bacterial strains selected for the inoculation of grapevine plantlets in the
field trial in order to examine their ability to promote grapevine growth

Plant Growth Promoting traits*’
Present (m) Absent (0O)

- E :)(:?1::@‘ Species’ (NCBI Acc. N°) 8 _ ] -
£ >4 -
§ L SR ERERE R
BO1 E  Pepper (ET)  Paenibacillus illinoisensis (HE610780)
B02 R Grape (TN) Pseudomonas putida (HF585069)
BO03 E  Grape (ET) Bacillus subtilis (HF585045)
B04 R Grape (IT) Delftia tsuruhatensis (HE610899)
BO54 E  Grape (TN) Pseudomonas fluorescens (HF585052)
B074 R  Grape (IT) Pseudomonas rhodesiae (HF562875)
BO8 E  Grape (TN) Achromobacter xylosoxidans (HF585053)
B09 R Grape (TN) Pseudomonas putida (HF585039)
B10 R Grape (TN) Enterobacter amnigenus (HF585050)
B11 E  Pepper (ET)  Bacillus subtilis (HE610779)
B12 E  Pepper (ET)  Paenibacillus illinoisensis (HE610780)
B13 E  Pepper (ET)  Lysinibacillus fusiformis (HE610782)
B14 R Pepper (ET)  Acinetobacter calcoaceticus (HE610784)
B15 R Pepper (ET)  Klebsiella oxytoca (HE610785)
B16 R  Olive (ET) Pseudomonas fluorescens (LN626642)

*Fraction: E = Root endosphere; R = Rhizosphere
¥ Plant geographic origin: ET = Egypt; TN = Tunisia; IT = Italy
Y Phylogenetic affiliation based on the partial 16S rRNA sequence

# The results are expressed as grey square (present) when the strain exhibited the PGP activity and as white square (absent) when the trait was
not exhibited. N.D.: Not Determined

TPlant growth promoting traits: IAA = 1-indole acetic acid production; ACCd = ACC deaminase activity; EPS = exopolysaccharides
production; P Sol = phosphate solubilization; Sid = siderophore release; N fix = putative nitrogen fixation ability; Prot = protease synthesis;

Amm = ammonia production

<« Recolonization competence: fluorescence-labelled strains showing colonization ability of Arabidopsis and grape root system

study the early step of the colonization process of grape-
vine root by the beneficial bacteria. We also used
Arabidopsis because of its little root that being thinner
that the grapevine one, it allows a higher magnification
of the whole root at the microscope. We are aware of the
large biological differences between Arabidopsis and
grapevine and that establishing a direct correlation be-
tween the patterns observed in the two plants is difficult.
However, we considered Arabidopsis because it can
provide more details in the bacterial colonization on
the root, since the whole root tip can be easily observed
at a relatively higher magnification than for grapevine at
the confocal microscope. Arabidopsis is widely used as
a tool to study plant-microbe interaction by overcoming
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the inherent problematics to perform research on woody
long-living plants (Poupin et al. 2013; Baldan et al.
2015; Maldonado-Gonzalez et al. 2015). Following the
protocol described by Marasco et al. (2012), we trans-
formed two strains, Pseudomonas fluorescens gfp-B5
and Pseudomonas rhodesiae dsRED-B7, labelled with
Gfp and DsRED fluorescent proteins, respectively.

Experiments with Arabidopsis We evaluated the ability
of the bacteria to adhere to the roots and recolonise one-
week-old Arabidopsis seedlings. The Arabidopsis seeds
were soaked for 20 min in 5 % household bleach and
rinsed five times with sterile distilled water in
microcentrifuge tubes. After this surface sterilisation
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step, the seeds were transferred to plates containing half-
strength MS medium (2.15 g/L Murashige and Skoog
salt (Sigma), 15 g/L saccharose, pH = 5.7), vernalised
for 72 h at 4 °C and transferred to the growth chamber
(150 umol/rn2 sec, 12 h/12 h light/dark, 22 °C). After
one week, the plantlets were removed from the plates
and the roots were dipped in 10% cells/mL bacterial
suspensions for 48 h. Bacteria were inoculated in TSB
(trypto soy broth) medium and incubated at 30 °C over-
night in a shaking incubator (200 rpm). Bacterial cells
were counted under the microscope and the different
inoculum preparations were obtained by resuspending
10% cells in 1 ml of sterile water. Arabidopsis roots
dipped in sterilized water were used as negative con-
trols. After incubation, bacteria loosely attached to the
surfaces of the roots were removed by washing the
plants in sterile water. The colonized and non-treated
roots were observed under a laser-scanning confocal
microscope (Leica TCSNT) using GFP (excitation at
488 nm) and dsRED filters (excitation at 558 nm). The
fluorescence in the acquired images was analysed by
using the MBF-Imagel software to quantify the coloni-
sation of the bacterial cells on the surface of the roots.

Experiments with grapevine To evaluate the ability of
fluorescent-labelled bacterial strains to colonize a grape-
vine root system, the bacterial cultures were prepared as
described above. Two-year-old ‘black magic’ grapevine
plants were planted in pots containing soil from the CB or
the AC farms and placed in the greenhouse for 7 days.
The plants were appropriately irrigated throughout the
experiment. The roots inoculated with the B5-gfp and
B7-dsRED strains were gently removed from the soil and
analysed under the laser-scanning confocal microscope
as described for the experiments with Arabidopsis. Final-
ly, the bacteria in the grapevine rhizosphere was analysed
using denaturing gradient gel elecrophoresis (DGGE) as
described by Rolli et al. (2015). The DGGE bands were
excised from the gel using a sterile cutter and eluted in
50 pl of water at 37 °C for 5 h. The reamplification of
DNA eluted from the DGGE bands was performed using
907R and 357F primers without GC-clamps according to
the following protocol: 95 °C for 5 min, 30 cycles at
95 °C for 1 min, 61 °C for 1 min, 72 °C for 1 min and a
final extension at 72 °C for 7 min. PCR products were
checked by electrophoresis in 1 % agarose gel. The
sequencing was performed at Macrogen Inc. (Korea).
The gel band patterns were analysed using the BioRad
GELDOC software.

Preparation of the bacterial cells and treatment
of the grape plants

Since the aim of this study was to explore the use of
PGP bacteria in the field, we chose the highest number
of isolates to be tested in the two available field loca-
tions. Following this objective, five bacterial strains
(B1-B5) were assayed for experiments at the CB farm,
while the remaining ten strains were used in experiments
at the AC farm (strains B7-B16). Following Bashan
et al. (2016), we describe the strain preparation and
application methods. The strains were streaked on tryp-
tic soy agar (TSA) plates to verify their purity and then
inoculated in 300 mL of TSB in a 1000 mL Erlenmeyer
flask and incubated at 30 °C on a shaker (150 rpm) for
48 h. Five to ten flasks, depending on the strain and its
biomass yield, were prepared to obtain sufficient bio-
mass for plant bacterization according to the bacterial
cell concentrations reported below. Bacteria were col-
lected by centrifugation (4000 rpm, 15 min) and washed
twice in 9 g/ NaCl. We used a simple water-based
liquid formulation (Bashan et al. 2014) to prepare the
bacterial inoculants. Each of the washed bacterial pellets
was resuspended in sterile distilled water (3 L per each
plant) and used to inoculate grapevine plantlets when
planted or during irrigation of the soil when the plants
were already established in the field.

Before planting in the soils collected from the farms,
one-year old plantlets were rehydrated by placing the
root system in water for 8 h and then soaking them in a
10® CFU/mL suspension of the tested bacterial strains
for 48 h. Non-treated controls were created by dipping
the plantlets’ roots in distilled sterile water. During the
second year (2011), plantlets were retreated with the
selected bacteria by irrigating the soil around the plant
with a bacterial suspension to provide 2 x 10" cells/
plant per portion of soil (20 cm diameter). The treatment
was performed in spring at the vegetative stage. The
treatment performed in the second year at the AC farm
included only the three best performing strains (B7, B8
and B10) from the first year trial. At the CB farm, adult
plants were treated with the B1-B5 strains.

Measurement of vegetative parameters and statistical
analysis of the data

We measured various vegetative parameters, including

shoot length, shoot diameter and number of nodes, on all
treated and control plants every 20 days after
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bacterization (dab) for a period ranging from two to four
months, depending on the experiment. The measure-
ments of vegetative parameters of the adult plant treat-
ments were performed only in 2011 every 20 days until
harvest time. Productive parameters of the adult plants
(number of grape bunches per plant and total fruit yield
per plant) were measured only in 2011 at harvest.

We considered the vegetative and productive param-
eters to be response variables to test the null hypothesis
of no difference among all the treatments using the
Statistical Package for the Social Sciences (SPSS) soft-
ware. We used ANOVA with Duncan’s test, consisting
of a series of pairwise comparisons between means, to
determine statistical significance of the applied treat-
ments: the vegetative and productive parameters (con-
sidered as response variables) among the different treat-
ments were the fixed factors and plants treated with
strains B1, B2, B3, B4, B5, B7, B8, B9 and B10 and
non-treated plants were the orthogonal levels, across the
experimental time (depending on the experimental pro-
cedures). Significant differences between the treatments
were considered at p < 0.05; these differences are indi-
cated in the graphs with a star (*).

Results
In vitro evaluation of PGP of selected bacteria

The studied strains (species affiliations reported in
Table 1) comprise fifteen bacterial families,
Alcaligenaceae, Bacillaceae, Brucellaceae,
Comomonadaceae, Enterobacteriaceae,
Xanthomonadaceae, Microbacteriaceae, Moraxellaceae,
Nocardiaceae, Paenibacillaceae,
Promicromonosporaceae, Pseudomonadaceae,
Sphingobacteriaceae, Streptomycetaceae and
Rhizobiaceae. The strains isolated from both root tissues
(seven strains) and rhizospheric soil (eight strains) exhib-
ited a variety of PGP traits in vitro. These traits included
the ability to solubilise insoluble phosphorous forms (12
strains), produce the auxin 1-indolacetic acid (11 strains)
and release siderophores (10 strains), suggesting that a
range of potential mechanisms supports plant growth
(Table 1). The feasibility of the application of beneficial
bacteria was further studied by assessing the bacterial
rhizocompetence on grapevine roots. To better assess
the details of the colonization process on whole roots,
Arabidopsis plants were also used because of the thinner
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roots that the grapevine’s ones, allowing higher magnifi-
cation of the whole root at the microscope. Two strains
transformed with fluorescent-protein-coding genes were
used for the colonization assays on germ-free
Arabidopsis plantlets and non-sterilized grapevine roots.

Experiments with Arabidopsis After 24 h of exposure to
the B5-gfp bacterial suspension, confocal microscopy
analysis showed that the Arabidopsis rhizoplane was
massively colonized by gfp-tagged cells and the root
hairs were completely enwrapped by bacterial cells
(Fig. 1a). Epifluorescence microscopy provided adher-
ence profile of the B5-gfp and B7-dsRED strains, which
confirmed the ability of bacterial cells to colonize the
root surfaces of Arabidopsis roots (Fig. 1b and c).
Quantification of the number of fluorescent cells on
the surfaces of the roots was used to estimate the colo-
nization ability of the bacteria. The B5-gfp strain had
coverage of 0.803 % 0.383 cell/1000 um? of root surface
after 24 h of exposure to the bacterial suspension
(Fig. 1b). A similar number of cells was counted with
the B7-dsRED strain (0.747 + 0.337 cell/1000 pum? of
root surface, Fig. 1c).

Experiments with grapevine Only B5-gfp bacterial cells
were detected by confocal microscopy on non-sterile
grapevine roots due to the strong auto-fluorescence of
grapevine roots in the red channel. The B5-gfp cells
were mainly detected in the rhizoplane and only a few
cells were found on the root hairs, for a total of
0.567 + 0.278 cells/1000 pm? of root surface (Fig. 1d).
The presence of inoculated strains was evaluated using
molecular fingerprinting techniques. DGGE gel bands
with the migration profiles similar to those of the bacte-
rial strains were present only in plants treated with the
bacteria. Given that PCR-DGGE cannot detect bacteria
in a community below a 1 % cut-off (Muyzer et al.
1993), the relevant DGGE bands confirmed that the
selected bacteria can effectively and stably colonize
grapevine root systems (Fig. le).

Effects of the bacterial inoculation on grapevine
plantlets during the first growing season

It is impossible to control the environmental conditions in
the field. During the two years of the field experiment, the
two farms experienced various climate events
(Supplementary Fig. S1). Measurements were made ev-
ery 20 days from March through May in 2010 in both
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Fig. 1 Rhizocompetence of bacteria on Arabidopsis thaliana and
grapevine roots and impact of bacteria treatment on rhizosphere
communities associated with grape plants grown under field-like
conditions. The plant root adhesion assay was performed using
two fluorescent-labelled strains, marked respectively with gfp and
dsRED and two model plants: Arabidopsis (a-¢) and grape (d and
e). a Confocal microscopy analysis of the adhesion profile of B5-
gfp on the Arabidopsis rhizoplane after 24 h. b ¢ Details of the
adherence profile of strains B5-gfp and B7-dsRED on Arabidopsis
root system under the epifluorescence microscope after 24 h. For
each image set, the first panel refers to the fluorescence images to
visualize the adherence profile of the gfp/dsSRED-labelled cells, the
second panel shows the phase contrast microscopy of Arabidopsis
roots and the third one results from the merge of the phase contrast

vineyards (Supplementary Tables S2 and S3). The shoots
of plantlets exposed to B2 and B3 at CB were signifi-
cantly longer (109.5 £ 17.9 cm and 110.6 £ 34.5 cm,
respectively) than the shoots of the untreated control
plants (75.5 + 29.1 cm; Fig. 2a and Supplementary
Table S2). Data collected at 80 dab showed that strains
B7, B8 and B10 had significantly higher node numbers,
shoot lengths and shoot diameters compared with the
non-treated control, suggesting that these isolates pro-
mote the formation of more robust epigeal systems under

B5-plant
treated

B7-plant Plant non
treated treated

mnsee

and the fluorescent images. Scale bars correspond to 100 pm in A,
to 50 um in B and C, respectively. d Confocal microscopy analysis
of B5-gfp strain colonizing the grapevine root surface 7 days after
biofertilization with the selected strain. The red channel was used
to acquire the grape root autofluorescence, providing information
about its structure. Arrows indicate gfp fluorescent bacteria along
the root surface or root hair. Scale bars correspond to 100 pm in D.
(E) DGGE profiles based on the 16S rRNA gene of the rhizo-
sphere bacterial communities associated with grapevine cultivated
outdoors. DGGE profiles of BS and B7 are included. Stars and
circles were used to mark in the DGGE gel the specific bands
corresponding to strains BS and B7 in the DGGE profiles of the
16S rRNA gene of the rhizospheric communities associated to the
grape plants grown in greenhouse

field conditions (Fig. 2b and Supplementary Table S3).
While the shoot length in the control reached
32.8 +18.4 cm at 80 dab, the shoot length of the plantlets
exposed to B7 reached 56.4 £26.5 cm, a 65 % increase in
shoot length over the control plants. Plants exposed to B7
had statistically significant thicker shoot diameters
(5.7 £ 1.6 mm vs. 3.3 + 1.2 mm) and higher numbers
of nodes (17.4 + 7 vs. 12.6 + 5.8) than the control plants,
corresponding to 72 % and 38 % increases, respectively
(Supplementary Table S3).
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Fig. 2 Effects of PGP bacteria on growth promotion of Syrah and
Sauvignon grapevine plantlets by PGP bacteria during the first
year experiment in the field. The selected bacteria promoted the
formation of a larger shoot system by improving shoot length in
Syrah grapevine plantlets in CB vineyard (a) and Sauvignon
grapevine plantlets in AC vineyard (b). For each bacterial strain
overlapping histograms are reported, representing the different
times of shoot length measuring at 20, 40, 60 and 80 dab. The

B2 B3

Effects of bacterial inoculation on grapevine plantlets
and adults during the second growing season

At CB, plants treated with B2 and B3 exhibited in-
creased shoot length at 120 dab (Fig. 3a and
Supplementary Table S4), whereas an increase in shoot
diameter was not observed in these plants (Fig. 3b).
Longer shoots and increased numbers of nodes were
observed in the treated plants at 40 dab and this trend
continued during the season (Supplementary Table S4).
For instance, plants treated with B2 had shoot lengths of
103.7 = 56 cm with 23.11 £ 10.4 nodes compared to
68.94 £ 64.78 cm and 15.11 + 11.38, respectively in the
control plants. Plants exposed to B4 presented longer
shoots and larger shoot diameters compared to the non-
treated control (Fig. 3b and Supplementary Table S4).

At AC, the increased growth induced by B7, B8 and
B10, the three best performing strains during the first
year, was maintained in the second year (Fig. 3c and d
and Supplementary Table S5). Plants treated with these
strains exhibited extended epigeal systems with longer
shoots (B7 and B8) or increased shoot diameters (B7
and B10) and a higher number of nodes (B7 and B10)
compared to untreated controls. The increases in the
plants treated with B7 were observed at the first obser-
vation point. The increases in the plants treated with B8
and B10 were observed at the second observation point,
while the two other strains determined a promotion
effect only observable after the second time point of
measure (Supplementary Table S5).
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During the vegetative season, we observed an in-
crease in shoot length in plants treated with B3,
(Fig. 4a and Supplementary Table S6) in the 17-y-old
productive grapevines. B2- and B3-treated adult plants
exhibited increased fruit yield (Fig. 4c). B2-treated
plants also displayed increased bunch numbers per plant
in comparison with the untreated grapevine plants
(Fig. 4d and Supplementary Table S6).

Discussion

There is overwhelming evidence that PGP bacteria in-
crease plant production (Schlaeppi and Bulgarelli 2015).
Several studies have demonstrated the beneficial effects
exerted by PGP bacteria on the laboratory scale
(Bhardwaj et al. 2014; Gontia-Mishra et al. 2014;
Daffonchio etal. 2015; Haney et al. 2015), but relatively
less data are available under on the field scale (Bashan
et al. 2014 and references therein; Nelissen et al. 2014).
Translating laboratory results to field trials is important
for the future development of crop productivity
(Tuberosa 2012; Bashan et al. 2014).

Grape is the second largest fruit crop in the world: 67
million tons of grapes are produced annually worldwide
and viticulture is an important sector of the economy
(FAOSTAT). Information on the involvement of the
grape-associated microbiome in vineyard productivity
and the contribution of this microbiome to the quality of
the final product is emerging (Marasco et al. 2013;
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Fig.3 Effects of PGP bacteria on growth promotion of Syrah and
Sauvignon grapevine plantlets by PGP bacteria during the second
year experiment in the field. The selected bacteria confirmed the
formation of a larger shoot system by improving a, ¢ shoot length
and b, d shoot diameter in Syrah (CB vineyard) and Sauvignon
(AC vineyard) plantlets, respectively. In panels b, ¢ and d for each
bacterial strain overlapping histograms are reported, representing
the different times of shoot parameters measuring from 20 to 100

Bokulich N et al. 2014; Gilbert J et al. 2014). While data
are available on the effects of PGP bacteria on grape-
vines at the laboratory and greenhouse scales (Rolli et al.
2015), no such data have been reported on the field
scale, although field studies of the biocontrol of patho-
gens have been conducted (Magnin-Robert et al. 2007;
Magnin-Robert et al. 2013; Aziz et al. 2015). Clearly,
the study of the promotion of plant growth in the field is
less advanced than that of biocontrol of pathogens in the
field. Here, we assess the effects of PGP bacteria in the
field. We found that several bacterial strains consistently
increased one or more plant growth parameter in the two
successive years of the experiments. These effects were
achieved in the two climatic regions of north and central
Italy. We observed the effects of PGP bacteria on young
vine cuttings over two growing seasons and on produc-
tive adult vines over one growing season. The observed
effect on the shoot growth parameters (length, diameter
and number of nodes) and on fruit production
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dab (each 20 days). The Duncan’s test statistical significance of the
differences among treatments is indicated only for the last time of
measuring. For the values of the others vegetative parameters, the
data and the statistical significance are reported in Supplementary
Tables S4 and S5. Dash-lines in the graphs mark the values for the
untreated plants, in order to better evaluate the promotion effect
mediated by the PGP bacteria

parameters (number of grape bunches and weight of
grapes) were statistically significant.

Despite the important economic and agricultural
roles played by arboreal crops, little work has been done
on the application of PGP bacteria in the field level.
Only apple, desert legume and mango trees have been
studied (Shishido 1996; Aslantas et al. 2007; Bashan
et al. 2009; Bashan et al. 2012; Jaos Frederico et al.
2014). The effects of PGP bacteria on annual crops have
also been the focus of research (Bashan et al. 2014 and
references therein). For instance, phosphate-solubilizing
bacteria were shown to be effective in enhancing maize
yields (Khan and Khan 2015). Our data extend under-
standing of the role played by PGP bacteria at the field
level in arboreal plants, such as grape.

Our data show that in the second year of the exper-
iments, strains B2, B3 and B7 had a more pronounced
effect on shoot length than on shoot diameter (Figs. 2
and 3 and Supplementary Tables S2-5). This could be
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panels A and B for each bacterial strain overlapping histograms are
reported, representing measurements at 20 and 40 dab. The

linked to the effects of the strains on the plant hormone
homeostasis, such as the auxin balance (Dimkpa et al.
2009; Kurepin et al. 2014).

Previous studies demonstrated that bacterial strains
promote plant growth at the laboratory and greenhouse
scales (Rojas-Tapias et al. 2012; Cherif et al. 2015). The
PGP effects that we observed in the field could be
attributed to beneficial interactions between the isolates
we studied and the natural microbiomes of the grapevine
roots, including beneficial bacteria and/or fungi. Al-
though such interactions were beyond the scope of our
study, this possibility is an important research topic that
requires further investigation.

Before the field experiments we did not test the
selected strains through in planta in the laboratory or
greenhouse. Our selection of bacterial strains was based
on in vitro laboratory screening of multiple PGP traits. It
is commonly considered that functional screening on the
laboratory scale is required to identify, among large
isolate collections, the most promising PGP candidates
(Bashan et al. 2014; Schlaeppi and Bulgarelli 2015).
However, screenings based on pure culture assays may
not identify the most powerful strains (Cardinale et al.
2015). Even though in vitro laboratory screening may
not identify the most effective PGP isolates, our field
experiment data confirmed that pre-screening is indeed
helpful for the selection of PGP candidates (Garima and
Nath 2015) that will perform under field conditions.

By evaluating the colonization potential of
fluorescent-labelled bacteria, we introduced an interme-
diate step between the laboratory and the field scale.
Indeed, root colonization is a crucial event in the estab-
lishment of beneficial interactions between symbiotic
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and non-symbiotic (mutualist) bacteria and the plant
host (Drogue et al. 2012). By advanced microscopy
analysis, it was previously demonstrated that the desert
soil isolate Saccharothrix algeriensis is able to establish
within 10 days on the root surface of grapevine plants
(Compant et al. 2013). Similarly, Vitis vinifera cv. Glera
host beneficial microbes that induce pleiotropic effect on
Arabidopsis root architecture, finally resulting in a poten-
tial enhancement of water and nutrients (Baldan et al.
2015). In our study grapevine and Arabidopsis were used
to assay whether the beneficial bacteria have broad
rhizocompetence ability, in the vision of field application
in vineyard. We included Arabidopsis in the experiments,
because it has thinner roots than grapevine that can be
observed as a whole root at a higher magnification than
grapevine, offering the possibility to observe more details
of the bacterial colonization. Moreover, we found that the
autofluorescence in the red channel of the grapevine root
does not allow a proper visualization of one of the strains
we have labelled. By using Arabidopsis we could over-
come the study of the root colonization by this strain. We
recognize that the colonization patterns observed in
Arabidopsis may not reflect the one occurring in grape-
vine, but provide hints of the general process of root
colonization. Our fluorescent screens on plant roots con-
firmed that the assayed bacteria were able to colonise the
root systems of the plants as previously observed by Rolli
etal. (2015). Moreover, bacteria may became endophytic
and moving from the interior of the roots to other plant
tissues (Compant et al. 2010; Compant et al. 2011;
Lareen et al. 2016).

We did not design our experiments to compare dif-
ferent bacterial strains on different grapevine cultivars in
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two climatic regions. We therefore cannot suggest that
the strains will have similar effects on different cultivars
or in different soils. Several factors contribute in shaping
the grapevine associated microbiome, including the
plant selective pressure, the soil structure (in particular
the pH and C:N ratio), the vineyard management prac-
tises and biogeographic related parameters with a local
heterogeneity even across small distances, homogenous
climatic parameters and similar soil properties
(Zarraonaindia et al. 2015). However, recent studies
have shown that core microbiomes inhabit the same
plant species whatever the cultivar or wherever it is
grown (Bulgarelli et al. 2012; Lundberg et al. 2012;
Peiffer J et al. 2013). Similarly, ecological or biocontrol
services performed by bacteria have been shown to
occur in root-associated microbiomes, under mild or
more challenging environmental conditions (Marasco
et al. 2013) or in different crop plants (Berg et al.
2002). The strains studied here should be further tested
in specifically conceived experiments.

There is debate on how the origin of the plant host
affects the bacteria’s ability to induce beneficial effects
in other plant species (Drogue et al. 2012). PsJN, a
Burkholderia phytofirmans strain and a well-assessed
PGP grapevine endophyte, efficiently ameliorated the
effects of drought on growth, physiology and yields of
maize in a field trial (Naveed et al. 2014). Contrasting
results in the literature on the cross effects of PGP
bacteria on different plants suggest that that they should
be considered case by case. We recognize that the num-
ber of strains tested in our experiments was not large
enough to infer any role that plant provenance could
play in PGP capacity. However, we found that isolates
obtained from grapevine root systems had the most
pronounced effects on growth parameters. Such an ob-
servation suggests that the origin of the bacteria is an
important factor and that co-evolution with the plant
host in the wild may play a role (Rodriguez et al. 2008).

Conclusion

Prospecting root-associated microbiomes for natural
products that increase agricultural production without
damaging the environment is a current biotechnological
trend (Schlaeppi and Bulgarelli 2015). Although larger
and longer field trials under different environmental
conditions, on different cultivars and in different soils
are needed, our results show that PGP bacteria reared in

the laboratory can: 1) rapidly establish in the root system
of grapevine suggesting a versatile rhizocompetent pro-
file; ii) improve grapevine growth in the field in a
statistically significant way respect to non bacterized
plants even if they originate from different grapevine
cultivars and iii) induce promotion effect in the growth
of grapevine plantlets in various biogeographical and
vineyard microscale contexts. However, to further es-
tablish microorganism-based field-scale viticulture, the
persistence and turnover of the applied bacteria in asso-
ciation with the plants over time and their interactions
with the indigenous microbiome should be investigated.
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