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Abstract: Strawberry production is challenged by several abiotic and biotic stresses, such as drought,
soil salinity, and the angular leaf spot (ALS) disease caused by Xanthomonas fragarige. In recent
decades, the development of commercial products containing combinations of different Plant-Growth-
Promoting (PGP) microorganisms has been one of the main focuses of agricultural research. However,
their results are often erratic depending on crop species, environmental conditions, and competition
among the different strains or indigenous plant microbiota. The use of beneficial microorganisms
selected from the crop-specific microbiota may help overcome this limitation, promoting their uti-
lization for sustainable agriculture. The culturable bacteriota of strawberry plants was screened to
identify PGP activities in vitro. Bacterial isolates were tested in vivo on strawberry plants in both
optimal and stress (X. fragariae infection or salinity) conditions, allowing the selection of strains
of Pseudomonas fluorescens, Stenotrophomonas rhizophila, and Agrobacterium rubi whose application
showed a significant increase in plant growth and fruit production (up to seven-fold), even under
stress conditions, and the ability to control ALS by over 50%. Potential synergistic effects among PGP
isolates were tested by coordinated inoculation. However, plant growth and fruit quality were not
promoted, except for fruit weight and size, by coordinate inoculation in comparison to m23 and m27
single-strain treatment.

Keywords: plant-growth-promoting bacteria; PGPB; bioinoculants; native bacterial biostimulants;
coordinated inoculum; salinity stress; Xanthomonas fragariae; angular leaf spot

1. Introduction

Strawberry is among the most important fruit crops produced globally, with an in-
crease of +20% harvested area between 2011 and 2021 [1]. From 2012 to 2021, the total
output value of the European strawberry market increased by +1.8% [2]. This growth
responds to the increasing demand for red fruits, and consumers’ awareness of their
nutritional value and antioxidant benefits [3]. In addition, great attention increasingly sur-
rounds the so-called “dirty dozen’ (a list of 12 top pesticide-contaminated fruit/vegetables),
in which strawberry recurrently ranks at the top [4], supporting the need to develop
zero-residue production methods. Among the different pathogens affecting strawberries,
Xanthomonas fragariae, the causative agent of angular leaf spot (ALS), causes high economic
losses, as infected plants must be removed and destroyed [5] and no chemical or biolog-
ical control agents are available against the disease, nor has any resistant cultivar been
selected yet.

Soil salinization is one of the major environmental and socioeconomic threats on the
global scale [6]. Salinity represents the most significant abiotic limitation to agricultural
production [7]. Strawberry is one of the most salt-sensitive horticultural crops [8], despite
varying degrees of susceptibility exist among cultivars [9]. In plants, salinity causes several
adverse effects including water and nutrient uptake reduction, decreasing root and leaf
development and accelerating leaf senescence, which contribute to a considerable reduction
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in both yield and quality [10,11]. Moreover, salinity causes leaf edge burn, necrosis, and
possibly plant death [9].

The massive use of chemicals to cope with plant stresses causes, in the long term,
serious problems such as deterioration of soil fertility, increased production costs, and
pollution of the agro-ecosystem [12]. Therefore, the development of chemical-free products
has gained momentum to preserve food quality and environmental safety. To accomplish
that goal, several eco-friendly strategies have been followed, including the use of selected
bacterial strains as growth enhancers [13].

In fact, the plant-associated microbiota functionally adapts in response to both biotic
and abiotic stresses, thus mitigating their effect on the plant [14]. Plant-associated microbes
can express several functional traits able to benefit their host, such as protection from pests
and pathogens, increased nutrient acquisition, stimulation of growth, and an influence on
plant metabolism to adapt to abiotic stresses [15,16]. Furthermore, plant microbiota also
influences fruit quality and aroma [17-19]. Altogether, these abilities might be exploited to
face the agricultural challenges posed by climate change, providing a sustainable alternative
to the use of pesticides, chemical fertilizers, and bioregulators [20].

Among the mechanisms that allow microbes to interact with plant metabolism, the
increased availability of nutrients, the production of functional volatile organic compounds
(VOCs), and the interference with plant hormonal balance have been described. The VOCs
acetoin (3-hydroxy-2-butanone) and its related compound 2,3-butanediol are produced
by several bacteria, and they are well known for promoting plant growth and induced
systemic resistance (ISR) against pathogens [21]. Recent works suggest that acetoin may
also mitigate salt and drought stresses in crop plants by modulating ABA production and,
consequently, stomata opening [22-24]. Interestingly, in Bacillus subtilis, one of the most
studied acetoin-producing bacteria, acetoin production is stimulated by increasing salt
concentrations (up to 5%), suggesting that the adaptation of this bacterium to salinity may
also mediate the plant tolerance to high salt concentration [25].

Several bacteria produce indole-3-acetic acid (IAA), a metabolically active auxin with
broad physiological effects. Bacterial auxins can have a direct influence on plant growth
and phenotype inducing both root growth and branching [26,27]. Moreover, they can also
increase nitrogen [28] and phosphorus acquisition [29] and enhance salinity tolerance [30].

1-Aminopropane-1-carboxylic acid (ACC) is the precursor of ethylene biosynthesis in
plants, and bacteria expressing ACC deaminase reduce ethylene production by converting
ACC to ammonia and x-ketobutyrate as sources of carbon and nitrogen. Therefore, ACC-
deaminase-producing bacteria can mitigate stress symptoms and prevent plant growth
inhibition by reducing the levels of ethylene, including in the case of salinity stress [31].

Although, over at least three decades, the scientific community has been working
on the development of efficient microorganism-based inoculants, these generally lack
consistency once applied in the field [16]. One of the main reasons is the inability of the
introduced microbes to efficiently colonize the plant organs and to collaborate with the
natural microbiota [32]. In fact, the native microbiota originates from a niche selection
process involving plant-derived nutrients, as well as microbial cross-feeding or compe-
tition, resulting in the mutual influence among host plant and symbiotic microbes [33],
and ultimately determining plant phenotype and resistance. Notably, the composition of
the plant native microbiota is relatively stable and scarcely influenced by environmental
factors [34]. Thus, to overcome their unreliability and enhance plant colonization and per-
sistence, growth-promoting microorganisms could be selected from the native microbiota
of the host plant to be used in single or in mixed inoculation [35-37].

The present study aimed to functionally characterize the culturable bacteriota of
strawberry plants and to explore the growth-promoting effect of the isolated bacteria
in vivo. Three different strawberry cultivars were used, and the culturable bacteriota was
studied for all plant organs (leaves, fruit, roots) and compartments (rhizosphere and soil)
to identify (I) potential plant-growth-promoting bacteria (PGPBs) able to increase plant
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productivity and mitigate salinity stress, and (II) biological control agents (BCAs) against
X. fragariae.

Bacteria were screened, in vitro, for the production of acetoin, IAA, siderophores, and
ammonia. Furthermore, ACC deaminase activity was also tested.

Successively, selected bacteria showing growth-promoting and/or biological control
activity in vitro were applied individually on strawberry plants in unstressed conditions
and under biotic (X. fragariae inoculation) or abiotic (high salinity) stresses. Finally, the most
effective strains were tested in coordinated bioinoculation, by simultaneous application of
three selected strains to different target organs of the host plant.

2. Materials and Methods
2.1. Isolation, Characterization, and Species Identification of Potential Growth-Promoting Bacteria

To dissect the culturable bacteriota of strawberries, three strawberry cultivars (‘Mon-
terey’, ‘Darselect’, and ‘Elsanta’) were selected. These cultivars were chosen as their
complete microbiome has been previously described by next-generation sequencing [38].
Plants were grown in 12 L plastic pots, filled with a commercial blond sphagnum peat
moss soil (pH 5.2-5.8) (Vigorplant s.r.l, Lodji, Italy). Each pot contained 6 plants, approx.
16 cm apart from each other. These pots were maintained at 1.2 m above ground under a
rainproof tunnel (located in-field at the experimental station of Pergine Valsugana, Trento,
Italy; 46°07' N, 11°22" E, 450 a.s.l.). Plants were fertigated using a drip system that delivered:
NOj3 11 mmol, NHy 0.5 mmol, H,PO,4 1 mmol, K 6.5 mmol, Ca 4 mmol, Mg 1.5 mmol, SO,
1.5 mmol, Fe 20 umol, MnSQOy 15 umol, ZnSO4 5 umol, Nay;B4O7 4 umol, CuSQOy4 0.75 umol,
NapyMnQOy4 0.5 pmol.

Fruit, leaves, stems, roots, rhizospheric soil, and bulk soil were sampled at the end of
the production cycle for the isolation of culturable bacteria. Plant and soil compartments
were defined as follows: ‘bulk soil” is the soil domain explored by the roots, but not attached
to them (i.e., approx. 1 cm radius from a feeder root), and this was collected at 5 cm depth
and 10 cm from the crown (about 1 g of soil was used for washings); ‘rhizospheric soil’
includes only soil particles firmly adhering to the root and extracted by washing; ‘roots’
are washed roots (without visible soil particles); “above-ground organs of strawberry plant’
include the crown (short stem), petiole, leaves, and runners but not ‘fruits’, which were
analyzed separately. Strawberry organs were separately washed in sterile 10 mM MgSO,
solution. Washings of MgSOy4 were serially diluted and plated on Luria Bertani (LB) agar
medium (Sigma Aldrich) supplemented with cycloheximide (100 pg mL™!) to prevent
fungal growth. Plates were incubated at 27 °C for 24 h. Colonies were phenotypically
characterized, and for each phenotype in a repetition, a single colony was randomly col-
lected from the highest dilution plates. The isolates were then stored at —80 °C in LB broth
supplemented with 20% v/v glycerol. From each bacterial isolate, DNA was extracted
using the GenFlute Bacterial Genomic DNA kit, following the manufacturer’s instruc-
tions. For species identification, the 16S rRNA gene was amplified using Lac16Sfor (5'-
AATGAGAGTTTGATCCTGGCT-3') and Lac16Srev (5-GAGGTGATCCAGCCGCAGGTT-
3’) primers [39], and sequenced at Biofab Research Srl (Rome, Italy). The sequences obtained
were checked for quality and then matched for homology with those available on BLAST
suite (NCBI) at the date of January 2021 and deposited in NCBI GenBank (accession number
0Q341166 to OQ341190, submission SUB12643068). The culturable bacteriota was charac-
terized according to Sangiorgio et al., 2022 [38]. Functional characterization was performed
for acetoin, IAA, ammonia and siderophores production, ACC deaminase activity [40], and
inhibition of the strawberry pathogens X. fragariae [41]. In brief, acetoin production was
qualitatively assayed by the Voges—Proskauer test in the presence of creatine and «-naphtol.
IAA release into the bacterial supernatant was tested with the Salkowski reagent. Ammonia
production was tested by the addition of Nessler reagent to bacterial cultures growing in
peptone-water medium. Bacterial siderophore production was tested on Chrome azurol S
agar plates. ACC deaminase activity was determined as 2-ketobutyrate hourly production,
spectrophotometrically determined 540 nm after reaction with 2,4-dinitrophenylhydrazine.
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X. fragariae inhibition was estimated in vitro, by producing King’s B 0.7% agar plates in-
cluding X. fragariae (10° CFU mL™1), overlayed with 1 mL of the same medium. The
tested bacteria were inoculated on the overlay, and the formation of an inhibition halo
was assessed after one day. Fifteen bacterial isolates were selected for subsequent in vivo
growth-promoting activity tests on strawberry plants (Table 1).

Table 1. List and in vitro functional characterization of bacterial strains selected for root and leaf in-
oculation. Qualitative assessment: +, detectable activity; ++, high activity; -, no activity. Siderophores
type: C, carboxylate; H, Hydroxamate type. Organs of isolation and application: F, fruit; L, leaf; R,
root; RS, rhizosphere; S, soil.

ACC- .
Strain Species Cultivar  O8°f  Acetoin 1A Siderophores Deaminase NH,* X. fragariac Organ of
Isolation (uM mg-1 h-1) Inhibition Application
HMmg
m39 Agrobacterium rubi Monterey L - + - - + ++ L/R
d9 Bacillus pumilus Darselet F ++ - - - ++ -
m2 Bacillus pumilus Monterey L ++ - - - + + L
d3 Brevibacillus brevis Darselect L - - - - - ++ L
e25 Frigoribacterium sp. Elsanta F + - - - + +/-
el0 Massilia sp. Elsanta RS - - C - + + L
m34 Methylobacterium sp. Monterey F - - - 6.1+£69 + -
e38 Microbacterium sp. Elsanta F - - - - - -
el5 Pantoea agglomerans Elsanta F + - - - ++ -
di5 Pantoea agglomerans Darselect F - + - - ++ - R
m38 Pantoea agglomerans Monterey F - - C - + ++
e4 Pseudoarthrobacter sp. Elsanta F - - - - -
m27 Pseudomonas Monterey R - C - + ++ L/F
fluorescens
d17 Pseudomonas Darselect S _ + C 64.0 + 25.6 + - R
fluorescens
el2 Pseudomonas Elsanta RS + + C - + - R
fluorescens
m7 Pseudomonas Monterey F - - H 135.2 4 3.9 + -
fluorescens
e39 Pseudomonas jessenei Darselect RS - ++ - 337+ 6.4 + - R
d27 Pseudomonas putida Darselect S + + + - - - R
dz26 Pseudomonas siliensis Darselect S - + + - - - R
edl Psychrobacillus sp. Elsanta F - - - + -
m42 Psychrobacillus sp. Monterey F - - - - + -
m35 Rhizobium soli Monterey L - - - - - ++ L
m38 Rhodococcus sp. Monterey F - - - - + + L
m23 Stenoti"op hqmonus Monterey S - - - - + ++ L
rhizophila
m40 Vagococcus sp. Monterey L - + - - - + L
el Vagococcus sp. Elsanta F - - - - - -

2.2. Bacterial Inoculation and Test of PGP Activity In Vivo

Bare-root strawberry ‘Monterey” plants were planted in 9 x 9 x 13 cm black pots
filled with blond sphagnum peat moss soil (pH 5.2-5.8) (Vigorplant s.r.l, Lodi). Plants
were kept in controlled conditions with a 16 h (light):8 h (dark) photoperiod, 80% relative
humidity, and 21 °C. Irrigation with tap water was performed every 3 days by distributing
a volume of 50 mL per plant. Plants were fertigated once a week with a solution prepared
as above. PGPB candidates and X. fragariae were grown overnight in LB and Wilbrink
Liquid Medium [42], respectively. For each strain, LB liquid was inoculated with a single
colony from 24 h growing agar plates, and shaken overnight at 27 °C, 150 RPM. Fresh
LB liquid was inoculated with 1 mL of overnight suspension and let grow until reaching
108 CFU mL~! of concentration (determined spectrophotometrically at 600 nm). Cells were
then pelleted and resuspended in an equal volume of 10 mM MgSQO;.

In the first experiment, in vivo plant growth promotion of the 15 bacterial candidates
was tested on leaves and roots of strawberry plants, both under unstressed and stressed
conditions to select the best suitable candidates for further experiments. Plant inoculation
was performed in all experiments at the stage of three true leaves (approximately 1 month
after transplant).

For root inoculation, strawberry plants were individually inoculated with seven
selected bacterial strains showing IAA production activity (Table 1), i.e., Agrobacterium rubi
m39, Pseudomonas fluorescens d17, P. jessenei €39, Pantoea agglomerans d15, P. silensis d26,
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P. putida d27, and P. fluorescens €12, applying 50 mL of bacterial suspension to the soil (1 cm
from the crown). Five plant replicates for each strain inoculation and stress/unstressed
condition were prepared, for a total of 70 plants. A high salinity condition was imposed
as stress to roots by substituting regular irrigation with tap water supplemented with
35 mM NaCl

For leaf application, nine bacterial strains were selected, i.e., Brevibacillus brevis d3, Massilia sp.
€10, Agrobacterium rubi m39, Rhizobium soli m35, P. fluorescens m27, Stenotrophomonas rhizophila
m23, Bacillus pumilus m2, Rhodococcus spp. m38, and Vagococcus sp. m40, showing antago-
nistic activity against X. fragariae. Leaves of strawberry plants were sprayed with a bacterial
suspension (8.5 x 108 CFU ml~!) until run-off.

X. fragarige inoculation (biotic stress) was performed 24 h post-PGPB application by spraying
the plants until run-off with a pathogen suspension at a concentration of 1.0 x 108 CFU mL 1.
Plants treated with sterile MgSO, (10 mM) or streptomycin (100 mg L) were included as
negative and positive controls, respectively. Five replicates for each strain inoculation and
stress/unstressed condition were prepared, for a total of 95 plants.

Based on the results of the first experiment, PGPB candidates showing the best per-
formance were selected for the second experiment to compare the efficacy of individual
or coordinated inoculation on unstressed strawberry plants. In particular, the strains able
to improve in vivo strawberry plants productivity and growth, A. rubi m39, S. rhizophila
m?23, and P. fluorescens m27, were inoculated with the same concentrations and procedure
as described above. The three bacterial strains were applied both individually and in a
coordinated inoculum on strawberry roots, leaves, and flowers, in consideration of the
organ-specific efficacy demonstrated in the first experiment. Therefore, A. rubi m39 was
applied on roots, S. rhizophila m23 on leaves, and P. fluorescens m27 on flowers.

2.3. Growth Parameters, Disease Incidence, Disease Index, and Fruit Quality

The number of leaves and flowers was counted over one month at 5 (leaves only),
8, 13, 16, 19, and 27 days after inoculation (DAI) of PGPB and, for each observation
day (Tx), leaves or flower growth was expressed as the number of leaves or flowers at
(Tx — To/Tp) x 100, where Tj is the first observation day, i.e., the inoculation day. At the
same time points, leaf chlorophyll content was also measured by a portable chlorophyll
meter SPAD-502 (Konica-Minolta Corporation, Ltd., Osaka, Japan). One month after
bacterial inoculation, the fresh and dry weight of leaves and roots were measured before
and after drying for 3 days at 65 °C. Furthermore, root length was measured.

Plant productivity was expressed as the total sum of flowers/fruits at the end of the
growing cycle. Concerning fruit quality, soluble solids content (SSC) was measured on
fruit juice with a digital refractometer (Atago-PAL1, Tokyo, Japan) and expressed as °Brix.
Fruits color was assessed using a CR-400 Chroma meter Colorimeter (Konica Minolta,
Tokyo, Japan), whereas fruit flesh firmness was determined using a Durofel device (Setop,
Cavaillon, France).

Additionally, the development of X. fragariae symptoms over one month after inoc-
ulation was monitored at 5, 8, 13, 16, 19, and 27 days after PGPB inoculation. Disease
index was calculated as the symptom levels/number total plants ratio, whereas the disease
incidence was the symptomatic plants/number total plants ratio. The disease symptom
scale used is reported in Figure S1.

2.4. Statistical Analysis

Past software (Version 4.0) for basic statistical functions was used. To investigate
whether the different bacterial treatments differ from the controls, the Student’s {-test was
computed. On percentage data, Fisher’s exact test was applied. The statistically significant
differences evidenced in all analysis was evidenced as p value < 0.05. R studio and the
package ggplot2 were used for plot representations.
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3. Results
3.1. Functional Characterization of the Culturable Bacteriota and Selection of PGPB Candidates for
In Vivo Experiments

Twenty-six bacterial strains were isolated from bulk soil, rhizosphere, roots, leaves,
and flowers of three strawberry cultivars (Table 1).

These strains were screened in vitro for the production of acetoin, IAA, siderophores,
and ammonia, and for ACC deaminase activity. Furthermore, all strains were tested
for antagonism against Botrytis cinerea and X. fragariae. Fifteen bacteria were identical
to the ones isolated and characterized in a previous work on the same cultivars [38].
Pseudomonas fluorescens and Pantoea agglomerans were the only bacteria isolated from all
cultivars; however, P. fluorescens was the only one present both in the phyllosphere and
rhizosphere. Among all isolates, 8 strains were able to produce acetoin, with B. pumilus
being the best producer. IAA was produced by 6 strains, whereas siderophore production
was observed in 8 strains. Only two isolates, belonging to P. fluorescens and P. putida, were
able to produce acetoin, IAA and siderophores. Concerning ACC deaminase activity, it
was observed only in P. fluorescens, P. jessenei, Pa. agglomerans, and Methylobacterium sp.
Contrastingly, ammonia production was widespread among the different species and it was
observed in 18 isolates. Finally, 11 strains were able to inhibit X. fragaria growth in vitro.

All the 6 strains showing IAA production were selected for root inoculation of straw-
berry plants, due to the multiple beneficial effects related by auxin production by bacteria
in the rhizosphere. For the application on leaves, the 8 strains exerting an inhibitory activity
against X. fragariae were used. P. agglomerans (m8) was not included in the in vivo trials,
being a potential opportunistic human pathogen [43]. Frigoribacterium sp. was also not
included, due to its scant X. fragariae inhibition activity.

3.2. Plant Growth Promotion Activity in Saline-Stressed or Unstressed Strawberry Plants

Roots of strawberry plants were singularly inoculated with seven different bacterial
strains, in unstressed (Figure 1a) or saline stress (Figure 1b) conditions.

(@) (b) 200 %
12 120% m39 ;
. 39 I . dis I

@ g
m39 5 d26 S
= B
a »
d27 d17
. - W I i : “ I
d26 el2
-70% _33 %
- )
T 2 § I 9§ 7 9 3 T g g 3 g 8 7 2 3
2 2 g & < g g8 & 8 & = g & 2 8 9 3 38
£ z £ 5 3 £ &8 g 8 5 z £ 5 3 £ &8 g 8
= @ > 3 o & o s s @ % 3 bS] ° ) S IS
= @ o S o 3 ° =3 > = o o 3 ) S p- =3
o, (D) @ <] @ > = o, ™ » Q @ El _ > E
) = 5 oz 2 R < s oa E4 E < = = < s
z £ 5 £ 5 z % 7 2 g 5 § = s 3 7 g =
= © o @ & o, o > 5] 2 @ T & S
B % 3 & % % 2 8 * § g 7 % &
EN « > - - o - ] > =3 ]
= 3 - =1
g > 3 E)
o} o
@ ®
Ea E3

Biometric Parameters Biometric Parameters

Figure 1. Biometric parameters of root-inoculated plants under no stress (a) or saline stress (b) con-
ditions, expressed as percentage increase/decrease with respect to non-inoculated control. Data
were collected 27 days post-bacterial inoculation. Color scale ranges from red (lower values than the
control) to blue (higher values than the control). Asterisks indicate parameters significantly different
from the control, according to Student’s t-test at p-value < 0.05.
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The strains used for root inoculation were P. Fluorescens d17, P. jessenei €39, Pa. agglomerans
d15, P. siliensis d26, P. putida d27, P. fluorescens €12, and A. rubi m39. In unstressed conditions,
P. jessenei €39 was able to increase all biometric parameters up to 120% in comparison
with non-inoculated plants, with the increase in leaves fresh weight and plant height
being statistically significant. Only A. rubi m39 substantially increased plant productivity,
expressed as the cumulative number of fruits. In saline stress conditions, A. rubi m39 was
able to increase all the biometric parameters except the fresh weight of leaves and roots and,
in particular, plant productivity was increased by 110% (Figure 1b). However, none of these
increases were statistically significant. Plant productivity was also increased, although not
significantly, by P. putida d27 and P. fluorescens €12 by 33 and 100%, respectively.

Leaf development was monitored over time (Figure 2a). Under no stress, all strains
generally increased leaf growth rate at the end of the experiment; in particular, P. fluorescens
d17 and e12 and P. jessenei €39 resulted in a significant increase, whereas the leaf develop-
ment rate in strawberry treated with A. rubi m39, despite resulting as always higher than
that of the control, was never significant.

(a) Leaves Flowers
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[ . © @ di5
« I Z 100
o a7
(0] 50 * * g
§ 27 T o . d26
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Figure 2. Leaf and flower growth rate of inoculated plants under no stress (a) or saline stress
(b) conditions. Asterisks indicate parameters significantly different from the control, according to
Student’s t-test at p-value < 0.05 (n = 5).

Under saline conditions, none of the strains resulted in a significant difference in
comparison to the non-inoculated control and, in several cases, treated plants showed a
lower growth rate than the control did (Figure 2b). Concerning flowers/fruit production, in
unstressed conditions, plants inoculated with P. fluorescens d17 and P. jessenei €39, similarly
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to what was observed on leaves, showed a higher development rate in comparison to the
control, but the effect was not significant (Figure 2a). However, under saline stress, the
application of A. rubi m39 and P. fluorescens el2 strains led to a significantly higher flower
growth over several observation days (Figure 2b).

3.3. Plant Growth Promotion Activity in X. fragariae-Inoculated or healthy Strawberry Plants

To test the growth promoting and protection effect on strawberry plants subjected to
X. fragarige inoculation, leaves were inoculated with a single PGPB/BCA candidate. The
strains used for leaves application were Brevibacillus brevis d3, Massilia sp. €10, Agrobacterium
rubi m39, Rhizobium soli m35, Pseudomonas fluorescens m27, Stenotrophomonas rhizophila m23,
Bacillus pumilus m2, Rhodococcus sp. m38, and Vagococcus sp. m40. In unstressed plants,
Rhodococcus sp. m38 had the strongest positive effect, significantly increasing leaf and
whole plant fresh weight and plant height; however, the promotion of vegetative growth
slightly reduced flower /fruit production (Figure 3a).
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Figure 3. Biometric parameters of leaves of inoculated plants under no stress (a) or after X. fragariae inoc-
ulation (b), expressed as percentage increase/decrease with respect to unstressed or X. fragariae + water-
inoculated plants. Color scale ranges from red (lower values than the control) to blue (higher values
than the control). Asterisks indicate parameters significantly different from the control, according to
Student’s t-test at p-value < 0.05 (n = 5).

B. pumilus m2 and Br. brevis d3 significantly increased root length, and the latter also
had a positive effect on leaf fresh weight. S. rhizophila m23 and Massilia spp. €10 were
the only two strains able to significantly increase plant productivity; however, this result
was achieved at the cost of vegetative growth reduction, which was significant in the
case of leaf dry weight in S. rhizophila m23-treated plants (Figure 3a). Under X. fragariae
inoculation, S. rhizophila m23 was able to increase plant fresh weight and height, but slightly
reduced plant productivity, whereas P. fluorescens m27 had similar effects, but also resulted
in a substantial increase in flower /fruit production, although not statistically significant
(Figure 3b). All the other bacteria significantly decreased plant fresh weight, with the
exception of A. rubi m39. Interestingly, streptomycin also exerted a growth inhibitory effect,
depressing plant fresh weight and, to some extent, flower/fruit production (Figure 3b).

The progression of disease symptoms over time was also monitored (Figure 4). R. soli
m35 and P. fluorescens m27 reduced both symptoms development (Figure 4a) and disease
incidence at the end of the experiment to a greater extent than streptomycin (Figure 4b).
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Figure 4. Effect of bacterial inoculation on X. fragariae-infected strawberry leaves, expressed as
(a) disease index over time or (b) incidence (analyzed at 27 DAI). Asterisk indicates a significant
difference (p < 0.05; n = 5) from the control according to Tukey’s pairwise test (panel a) or Fisher’s
exact test (panel b).

P. fluorescens m27 application reduced the disease incidence to 20% (Figure 4b), but
at the same time, it increased plant productivity (+700%) and height (+21%) (Figure 3b).
B. pumilus m2, S. rhizophila m23, and Rhodococcus sp. m38 showed a disease incidence
equal to that of the commercial antibiotic streptomycin, whereas A. rubi m39 and Massilia
spp- €10 did not protect strawberries from infection, showing an even faster symptoms
development over time and higher incidence in respect of the untreated plants.

Finally, leaf and flower development rates were monitored over time both in healthy
and X. fragariae-inoculated plants (Figure 5). In healthy plants, by the end of the experiment,
all bacterial strains increased leaf development rate, with the effect of B. pumilus m2,
S. rhizophila m23, P. fluorescens m27, and Rhodococcus sp. m38 being significantly higher
than that of the control (Figure 5a). In plants subjected to X. fragariae inoculation, all strains
increased leaf development rate starting from 19 DAI (Figure 5b). Concerning flower
growth rate, in healthy plants, the foliar application of S. rhizophila m23 always resulted
in the highest rate with a peak at 19 DAL P. fluorescens m27 also significantly increased
flower development rate at all time points (Figure 5a). In plants inoculated with X. fragariae,
at the end of the experiment (27 DAI), B. pumilus m2, P. fluorescens m27, Massilia sp. €10,
and Rhodococcus sp. m38 led to a significantly higher flower development rate, whereas
A. rubi m39 showed a reduction in flower development stronger that those of control plants
(Figure 5b).

3.4. Plant Growth Promotion Effect of Individually and Mixed-Inoculated Bacteria

Based on the previous experiments, S. rhizophila m23 and P. fluorescens m27 were
selected for application to aboveground organs, while A. rubi m39 was chosen for root
inoculation. These strains were used either individually or in coordinated inoculation (CI)
consisting in the simultaneous application of A. rubi m39 to roots, S. rhizophila m23 to leaves,
and P. fluorescens m27 to flowers.
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Figure 5. Leaf and flower growth over time in inoculated plants under no stress (a) or X. fragariae
stress (b) conditions. Asterisks indicate parameters significantly different from the control, according
to Student’s t-test at p-value < 0.05 (1 = 5).

When applied individually, both S. rhizophila m23 and P. fluorescens m27 promoted all
biometric parameters, including flower/fruit productivity (Figure 6a). Root application
of A. rubi m39, instead, reduced the biometric parameters and particularly flower/fruit
production. The negative effects of A. rubi m39 probably contributed to a general decrease
in plant growth parameters observed in CI. In plants subjected to CI, only flower/fruit
productivity and leaf fresh weight were not negatively influenced (Figure 6a). Concerning
fruit quality parameters, P. fluorescens m27 increased weight, size, flesh firmness, and sugar
content. The application of S. rhizophila m23 resulted in the highest sugar content of berries
(+400%), and also in an increase of flesh firmness. However, it reduced weight and size,
whereas A. rubi decreased all parameters except flesh firmness (+30%). Cl increased fruit
weight and size and did not influence fruit sugar content. However, it strongly reduced
flesh firmness (—40%) (Figure 6b). Finally, concerning leaf development rate, A. rubi m39
showed the highest values in comparison to the control in all time points that became
significant at 27 DAL The application of P. fluorescens m27 to flowers significantly decreased
leaf development rate at 14 and 19 DAI (Figure 6¢). S. rhizophila m23 and CI did not
influence leaf development rate.
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Figure 6. Plant growth biometric parameters (a) and fruit quality parameters (b) heatmaps of
individually and coordinated inoculated plants, expressed as percentage increase/decrease with
respect to the control plants. The color scale ranges from red (lower values with respect to the
control) to blue (higher values with respect to the control). Leaf growth over time (c) after individual
or coordinated inoculation. Asterisks indicate parameters significantly different from the control,
according to Student’s t-test at p-value < 0.05.

4. Discussion
4.1. PGP Functions of Bacterial Isolates under Saline Stress

This work presents an in vivo system to screen the best candidate PGPBs within
the culturable bacteriota from three strawberry cultivars, to enhance plant growth, fruit
production, and tolerance to stresses. Furthermore, based on the results obtained in the
first experiment, the best-performing strains were mixed in a coordinated bioinoculation.

As expected, the application to roots of PGPBs producing IAA led to a general increase
in plant growth and productivity, showing a more noticeable positive effect under saline
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stress conditions. P. jessenii €39, which produces a high amount of IAA and presents ACC
deaminase activity, induced a significant increase in plant height and fresh leaves weight.
Remarkably, leaf mass was even further enhanced under saline stress than in unstressed
conditions (+200% and +120% in comparison to non-inoculated control, respectively).

P. jessenii €39 and P. fluorescens d17 also induced a higher flower and leaf development
rate, although the effect was more pronounced in unstressed conditions. These effects
may be due to the reduction in ethylene levels by ACC-deaminase activity [43]. A similar
induction of flower development and productivity was also found in plants treated with
P. fluorescens €12 and P. putida d27 in saline-stressed plants. These strains lack ACC-
deaminase activity but produce acetoin. Interestingly, in Arabidopsis plants treated with the
acetoin/2,3-butanediol-producing strain Bacillus subitlis GB03, a similar effect was observed,
suggesting the role of bacterial acetoin in flower induction and development [44].

In the first experiment, A. rubi m39 increased strawberry productivity in unstressed
conditions (+120%) and plant growth, flower development, and productivity in saline-
stressed plants (+180%) (Figure 1). A. rubi has been previously used as a PGPB in several
fruit crops [45-47], including strawberry [48,49]. Contrasting with the hypothesized niche
specialization, A. rubi m39, although originally isolated from leaves, only produced positive
effects when applied to roots. It may be suggested that IAA produced by A. rubi in the
rhizosphere promoted plant growth by enhancing the root system development, whereas
its effect on aerial organs may be negligible due to the determined growth of strawberry [50]
and to complex hormonal interaction with endogenous cytokinins level [51]. In addition,
the A. rubi m39 PGP effect was not confirmed in CI experiments (Figure 6). A. rubi is a
potentially pathogenic species [52], and it may act as an opportunistic pathogen under
host-stressing conditions and/or with a specific composition of the microbial biocoenosis
in the rhizosphere [53].

4.2. Plant Growth Promotion and Biological Control of X. fragariae

Bacterial strains selected for application on leaves and flowers were chosen based on
their ability to inhibit X. fragariae growth in vitro. Although this pathogen affects primarily
leaves, it may reduce fruit production up to 80% both directly, by causing water-soaked
and necrotic lesions on calyces and pedicels, and indirectly by reducing the plant primary
production [54]. P. fluorescens m27 and R. soli m35 were the most effective BCAs reducing
infection by 80% in comparison to the control. Br. brevis d3 and Vagococcus sp. m40 were
also effective, resulting in a higher disease control efficiency than streptomycin. Several
P. fluorescens strains, including non-native ones, have been proven to promote plant growth,
flower emission, and fruit yield and nutritional properties [19,55], whereas no strain has
yet been proven for its biological control activity against X. fragariae.

Plant growth promotion and disease control traits of the tested bacteria acted mostly
independently. Additionally, pathogen infection may interfere with PGP effects. For
instance, Massilia sp. €10 and Rhodococcus sp. m38 significantly increased productivity and
leaf development in the absence of X. fragariae (Figure 3), but had lower or even negative
effects and provided little or no disease protection after pathogen inoculation (Figure 4).

In unstressed plants, leaf inoculation with S. rhizophila m23 led to a substantial increase
in flower/fruit productivity at the expense of vegetative growth, resulting in the highest
rate and anticipation of flower development. When strawberry plants were challenged
by X. fragariae inoculation, S. rhizophila m23 not only provided a disease control efficacy
comparable to streptomycin, but it also stimulated vegetative and root growth. S. rhizophila
has often been isolated in the rhizosphere and endosphere of several plants where it exerts
beneficial functions, such as growth promotion and saline and drought tolerance [56]. The
mechanisms underlying growth and stress tolerance promotion by S. rhizophila include
the production of plant-protective compounds such as spermidine, glucosylglycerol, and
trehalose [57,58].

P. fluorescens m27 application on leaves or flowers resulted in the promotion of plant
growth and productivity both in healthy and X. fragariae-inoculated plants. P. fluorescens
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m27 produces, in vitro, acetoin, ammonia, and siderophores, which may be responsible for
the observed effect of promotion of plant growth. Acetoin may increase endogenous levels
of auxin as demonstrated for B. methylotrophicus M4-96 in A. thaliana [59].

4.3. Design of Coordinated Inoculation Strategy

Cooperation between the plant and microbes depends on a plethora of factors. In
particular, genotype compatibility among the partners should receive prime consideration
during the bacteria selection process, considering that host genotype has a significant effect
on the composition of the associated bacterial community [60,61].

Therefore, selecting PGP microbes within the plant microbiota native to the plant might
enhance their efficiency, as these microbes have already undergone selection by adaptation
to their host [62-64]. Accordingly, the first experiment highlights a better performance of
strains originally isolated from cv. Monterey (i.e., S. rhizophila m23, P. fluorescens m27, R. soli
m35, A. rubi m39, Vagococcus sp m40), the cultivar used in this work for in vivo inoculation,
confirming the highest efficiency demonstrated by native bacteria. However, the efficacy of
the bacterial inoculations has not been tested on different strawberry cultivars. Therefore,
further experiments are required to confirm this hypothesis.

The combination of different beneficial microbes characterized by different PGP or
BCA abilities has been widely studied. Despite several works reporting synergistic effects
of the combinations [65], in many cases, antagonistic interactions may also emerge. For
example, in case of mixed BCAs application, only in 2% of the total 465 published treatments
were synergistic effects recorded, whereas, in most cases, the overall efficacy was similar to
that of the best performing of the inoculated BCAs [66].

To minimize competition among inoculated strains, a coordinated inoculation strategy,
where the best-performing PGPBs/BCAs isolated from the native strawberry microbiota
are applied to different organs (namely, A. rubi m39 to the root, S. rhizophila m23 to the
leaves, and P. fluorescens m27 to the flowers), was tested in this work. Nevertheless, CI led to
a decrease in strawberry biometric parameters with respect to those observed for individual
inoculation of S. rhizophila m23 or P. fluorescens m27. However, A. rubi m39’s detrimental
effects, observed when inoculated alone, were partially mitigated by its inclusion in a CI.
Moreover, the CI has a positive effect on fruit, which resulted as larger than in the control.
Also in this case, however, no synergistic effect of the combination was observed, with the
effects being comparable to the ones obtained with the sole P. fluorescens m27 inoculation.

Reasons for the observed lack of synergy could be determined by a change in plant
hormonal balance [67,68], leading to organ competition within the plant. For this reason,
further investigation is required to characterize compatible PGPB modes of action and their
effect on plant metabolism and hormonal homeostasis. In addition, although the inoculated
strains are part of the native plant microbiota, their biological functions may be affected by
the alteration of the overall bacterial community composition following CI [69-71].

5. Conclusions

This research provides useful information for the development of new PGPB biostim-
ulant products.

The strain P. fluorescens m27 is a promising candidate for commercial development,
as it results in multiple beneficial effects, including biological control of X. fragariae and
the increase in plant productivity. The main advantage of a product with both PGP and
BCA activity relies on the fact that, even when applied on an orchard with an uneven
disease distribution or when disease risk is low, it can still provide beneficial functions to
healthy plants. Furthermore, this work paves the way for new research on coordinated
bioinoculation of organ- and species-native bacteria that may represent a new strategy to
overcome the limits of both single and mixed PGPB inoculation.
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severity and progression of the disease.
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