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Abstract: Soil salinization is a major and increasing problem adversely impacting plant growth and
crop production. Accordingly, coping with this problem has become a central topic in agriculture. In
this study, we address this issue by evaluating the potential effectiveness of two bacterial species,
Azospirillum brasilense and Paenibacillus dendritiformis, in enhancing growth and yield of melon and
tomato plants under salinity stress. In vitro laboratory experiments indicated that these bacteria
can efficiently colonize plant roots, and increase root length (25–33%) and root biomass (46–210%)
of three melon plant varieties under saline stress. Similarly, greenhouse experiments showed that
these bacteria significantly induced root (78–102%) and shoot weights (37–57%) of the three melon
varieties irrigated with saline water. Tomato plants grown under the same conditions did not ex-
hibit growth deficiency upon exposure to the saline stress and their growth was not enhanced in
response to bacterial inoculation. Interestingly, saline-stressed melon plants inoculated with P. dendri-
tiformis and A. brasilense exhibited lower total antioxidant activity compared to un-inoculated plants
(80% vs. 60% of DPPH radical scavenging activity, respectively), suggesting that the inoculated plants
experienced lower stress levels. These positive effects were further manifested by an increase of
16% in the crop yield of melon plants grown in the field under standard agricultural fertilization
practices, but irrigated with saline water. Overall, these results demonstrate the beneficial effects of
two plant-growth-promoting rhizobacteria, which can significantly alleviate the negative outcome of
salt stress.

Keywords: soil salinity; PGPR; Paenibacillus; Azospirillum; melon; tomato; wheat

1. Introduction

Soil salinity is one of the major abiotic stresses reducing plant growth and crop pro-
duction worldwide [1–3]. It is caused by excessive accumulation of water-soluble salts,
resulting from both natural and human-induced processes. The natural processes con-
tributing to soil salinization include, among others, parent rock weathering, dispersion
of saline dust and high evaporation vs. precipitation events [4]. Anthropogenic causes
include inappropriate application of fertilizers, use of low-quality water in irrigation and
prevention of leaching due to inadequate drainage [5]. High salt concentrations in the
soil lead to various detrimental effects on plant physiology, ranging from the disturbance
of intracellular ionic homeostasis and reduced nutrient mobilization to plant hormone
imbalance and the altered development of reproductive structures [6–8]. Furthermore, high
soil salinity can drastically affect the microbial population in the rhizosphere, which in turn
impacts plant productivity [9–11]. According to the Food and Agricultural Organization
(FAO), a significant portion of the Earth’s total land mass will be converted into saline
soil by 2050 [12], posing a significant worldwide threat to crop production and hence
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to food security. Accordingly, coping with this problem has become an important issue
in agriculture.

One of the main ways to cope with saline soils is by active removal of salts [13,14].
However, this process requires large quantities of high quality irrigation water, as well as
effective soil drainage, which are typically missing in areas of saline soils [12]. An attrac-
tive approach to alleviate salinity and other abiotic stresses involves the manipulation of
the rhizosphere microbial community in favor of plant-growth-promoting rhizobacteria
(PGPRs) [15–18]. The positive effects of PGPRs on plant growth involve a variety of direct
or indirect mechanisms. Direct mechanisms include the provision of nutrients in a form
available to the plant, degradation of environmental pollutants and production of plant
hormones, whereas indirect mechanisms include induced systemic resistance (ISR) and
control of phytopathogens by competing for resources such as iron, amino acids and sugars,
as well as by producing antibiotics or lytic enzymes [19–24]. Despite their potential as low-
input environmentally friendly agents for plant protection, the application of PGPRs in the
field is limited. This is often attributed to poor rhizosphere competence, which results from
ineffective root colonization combined with the difficulty to survive and proliferate along
growing plant roots in the presence of the indigenous population of microorganisms [25].

Combined application of PGPRs with demonstrated colonization and survival abilities
as well as plant-growth-promotion mechanisms might broaden the overall compatibility of
the inoculant and offer a more consistent success in the field. This approach has gained
increased interest in recent years and various combinations of microorganisms have been
examined as potential plant-growth-promoting and biocontrol agents. For example, com-
mercial inoculants composed of Azospirillum brasilense and Pseudomonas fluorescens strains
have been developed for plant-growth promotion of cereals [26]. Azospirillum brasilense
has also been shown to improve the symbioses of a variety of legume-rhizobia systems,
including under field conditions [27–30]. Similarly, co-inoculation of Bacillus spp. strains
with Bradyrhizobium japonicum substantially increased total biomass and grain yield of soy-
bean [31], and co-inoculation of Paenibacillus mucilaginosus with Rhizobium spp. increased
the tolerance of alfalfa to copper stress and increased the soil nutrient content [32].

Several Paenibacillus spp. and A. brasilense strains are known to display strong asso-
ciations with plants roots, promoting plant growth under various agro-ecological condi-
tions in different crops [26,33–36]. A number of mechanisms have been shown to be at
play, including nitrogen fixation, phosphate solubilization, secretion of phytohormones,
and the induction of systemic resistance [34,37–39]. In this study, we examined the poten-
tial efficiency of A. brasilense and Paenibacillus dendritiformis, as single or dual inoculants,
to promote growth of melon and tomato plants and alleviate salt stress in greenhouse and
field conditions. While the plant-growth-promoting effects of A. brasilense have been widely
reported in cereals, forage plants and legumes [26,35], little is known about the interac-
tion of this bacterium with plants from the Cucurbitaceae and Solanaceae families [40,41].
Genome analyses of P. dendritiformis indicated that its genome encodes various genes
required for competition over resources (e.g., iron, amino acids, and sugar transporters)
and for producing offensive (antibiotics and lytic enzymes), as well as defensive (resis-
tance to antibiotics and other toxins) compounds [42]. These attributes and the facts that
strains of this species were shown to promote growth of potato plants [43] and Amaranthus
polygonoides L. sprouts [44], as well as reduce disease symptoms caused by Colletotrichum
truncatum in chilli (Capsicum annuum) [45], suggested that it could serve as a suitable co-
inoculant with A. brasilense. Here, we show that both A. brasilense and P. dendritiformis can
alleviate salt stress and act as efficient PGPRs of melon crops.

2. Materials and Methods
2.1. Bacterial Strains, Growth Conditions and Plant Material

Azospirillum brasilense strain Sp7 was isolated from Digitaria decumbens roots in Rio de
Janeiro, Brazil [46], and is available in the S. Burdman strain collection (kindly provided
by Y. Okon). Paenibacillus dendritiformis strain T (Bacillus Genetic Stock Center #30A1) [47]
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was kindly provided by the late E. Ben-Jacob. Escherichia coli SM10 [48] is available in the
Y. Helman strain collection. Bacteria were grown in Lysogenic broth (LB) (Difco Lab-
oratories, Detroit, MI, USA) or LB 1.5% agar (LA) plates for 24 h at 28 ◦C. For plant
inoculation the cells were harvested from the agar plate and resuspended with phosphate
buffer-saline solution (PBS; 10 mM sodium phosphate, 2.7 mM potassium chloride, 1.8 mM
potassium phosphate, 137 mM sodium chloride; pH 7.4) to a final concentration of 108

colony forming units (CFU) mL−1 as adjusted by optical density at 600 nm (OD600) of
0.2 and verified by serial dilution plating. Bacterial suspensions containing A. brasilense
and P. dendritiformis were prepared by mixing equal volumes of suspensions of both
strains. Plant material used in this study included melon (Cucumis melo) cultivars (cvs.)
Ofir (Zeraim Gedera, Revadim, Israel), AN-305 (Origene Seeds, Givat Brenner, Israel) and
Raymond (Hazera Genetics, Brurim Farm, Israel), tomato (Solanum lycopersicum) cv. M82
(Hazera Genetics, Israel), and wheat (Triticum aestivum) cv. Bar Nir (Negev Seeds, Kibbutz
Shoval, Israel).

2.2. Assessment of Bacterial Root Colonization

Prior to bacterial inoculation, seeds were surface-sterilized by soaking in 70% ethanol
for 1 min, followed by soaking in 1% sodium hypochlorite for 1 min. The seeds were
then rinsed five times with sterile distilled water and dried on filter paper. To assess
the colonization ability of the bacterial strains on melon, tomato and wheat roots, seeds
were germinated on germination papers using the “cigar roll” method [49]. Briefly,
ten uniform-size seeds were placed on a moist germination paper (25 cm× 38 cm; Hoffman
Manufacturing, Inc., Corvallis, OR, USA). The paper was covered with another sheet of
moist germination paper rolled to a final diameter of 3 cm. The bases of the rolls were
placed in 1 L chemical beakers containing a water solution and they were kept in a darkened
growth chamber at a constant temperature of 25 ◦C for seven days. Then, roots from the
emerging seedlings were incubated in 108 CFU mL−1 suspensions of each bacterial strain
at 25 ◦C for 2 or 24 h. After incubation, the roots were gently washed twice with sterilized
PBS, dried on filter paper and weighed. The roots were then vortexed for 30 s in 1 mL of
fresh PBS in 1.5-mL tubes followed by transfer to 1 mL fresh PBS and homogenized using
an RZR 2-64 homogenizer (Heidolph, Schwabach, Germany). Both suspensions resulting
from vortexed and homogenized roots were serially diluted and plated on LA plates for
bacterial quantification. Plates were incubated at 28 ◦C for 48 h, after which colonies were
counted to measure colonization (CFU g−1 root).

2.3. Seedling Growth in Germination Paper

Seeds of melon and tomato were surface-sterilized as described above and incubated
for 30 min in suspensions containing 108 CFU mL−1 of A. brasilense Sp7 and P. dendritiformis
T, separately or in combination of both strains. Seedlings were grown on germination
papers using the “cigar roll” method as described above. The chemical beakers contained
either water or 50 mM NaCl solution. Seedlings were grown in a dark growth chamber at
25 ◦C. After 10 days, plants were collected and the following parameters were measured:
root length, root weight, number of lateral roots and number of lateral roots equal or larger
than 2 cm.

2.4. Greenhouse Experiments

All greenhouse experiments were carried out on campus in the I-Core greenhouse
equipped with a desert cooler (minimum–maximum temperature: 14–36 ◦C). Preliminary
experiments were carried out with melon and tomato plants to assess their susceptibility
to saline stress. Experiments involving bacterial inoculation were performed with melon
and tomato varieties described above. Seeds were surface-sterilized as described above
and germinated in a vermiculite-filled tray that was irrigated with water. Then, 12-day-old
seedlings were transferred to 2 L plastic pots filled with sand. The plants were irrigated with
a standard nutrient solution (NPK fertilization solution; 1.8 g L−1 N:P2O5:K2O (5:3:8); Haifa
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Chemicals Ltd., Haifa, Israel), carrying NaCl at an EC of ~3.5 dS m−1, through an automatic
drip irrigation system, three times per day. Bacterial inoculation was performed twice,
the first time at sowing, and the second time when seedlings were transplanted to the pots.
In both cases, each seed/plant was inoculated with 5 mL of bacterial suspensions of either
108 CFU mL−1 of A. brasilense Sp7, P. dendritiformis T or a mixed suspension containing
both bacterial strains at the same concentration as in individual inoculation. Controls
were non-inoculated plants. The plants were grown for 45 additional days, after which
root and shoot weights were determined. All greenhouse experiments were organized in
a completely randomized design with 20 replicates (plants) per treatment.

2.5. Measurements of Total Antioxidant Enzyme Activity

Antioxidant activity was measured using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay described by Zhou et al. (2018) [50]. Forty-five-day-old melon
plants (cv. Ofir) grown in the greenhouse as described above were used for this analysis.
Briefly, fresh root or leaf tissue (1 g) was homogenized in an 80% methanol (v/v) solu-
tion using tissue lyser II (Qiagen, Hilden, Germany). Samples were then centrifuged at
13,000× g for 20 min at 4 ◦C. The supernatant (2 mL) was mixed with 1 mL of 0.3 mM DPPH
solution and incubated in the dark at 25 ◦C for 30 min. Absorbance of the solution was then
measured at 517 nm. The test was carried out with four replicates per treatment. Percentage
of radical scavenging activity was calculated according to the following formula:

DPPH radical scavenging activity% = 100 − 100 × [(Absample − Abblank)/Abcontrol]

DPPH solution in 80% methanol (v/v) served as control. The methanol solution with
the corresponding plant extracts was used as blank.

2.6. Field Experiment

A field experiment with melon cv. AN-305 was performed at the Zohar Central and
Northern Arava-Tamar Agricultural Station (Ein Tamar, Israel) in a sandy soil (76–84%
sand, 7–14% silt, 11–12% clay), using plantlets produced by Hishtil Nurseries (Nehalim,
Israel). The experiment included four treatments: inoculation with A. brasilense Sp7 or
P. dendritiformis T, inoculation with both strains, and non-inoculated controls. Bacterial
treatments were applied as described for greenhouse experiments, with a first dose given
at sowing in the nursery, and a second dose being applied just before transplanting the
plantlets into the field (14 days after sowing). The plants were planted in four rows
(200 plants per row), at intervals of 0.4 m. The experiment was set up as a randomized
design, including twenty replicates (plots) per treatment, each plot containing 10 plants.
Plants were covered with an insect screen until 25 days after planting to avoid virus damage.
The plants were irrigated with local, saline irrigation (EC~3.5 ds m−1), with an application
of standard fertilization optimized for commercial cultivation of the crop. The experiment
was finalized 120 days after transplanting. The fruits of all the plots were collected, counted
and weighed.

2.7. Fluorescence in Situ Hybridization Experiments

Fluorescence in situ hybridization (FISH) analyses were carried out on 24-day-old melon
plants (cv. AN-305) grown in sand pots and inoculated with A. brasilense Sp7, P. dendriti-
formis T or with both strains as described for greenhouse experiments. Probe design for
A. brasilense and P. dendritiformis was performed with the PROBE Design tool of the ARB soft-
ware package [51]. Oligonucleotide probes were modified at the 5′-end with the fluorescent flu-
orophores Cy3 for the P. dendritiformis probe (5′-GGATAGGCGATTTCCTCGCA-3′; 16S rRNA
position 1149-1169) and Cy5 for the A. brasilense probe (5′-CCACCTTCGGGTAAAGCCA-3′;
16S rRNA position 1176-1196). Prior to hybridization, root samples (5 cm in length) were
fixed in 35% formaldehyde for 24 h at 4 ◦C followed by dehydration in increasing concentra-
tions of ethanol (10 min in each of the following concentrations: 50%, 70%, 85%, and 100%).
Hybridization was performed at 42 ◦C for 4 h using hybridization buffer containing 0.9 M
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NaCl, 20 mM Tris HCl (pH 7.2), 5 mM EDTA, 0.001% SDS and 35% formamide. The
specific probes were added to a final concentration of 30% (v/v) for each probe. Following
incubation, the hybridization solution was drained and replaced with pre-warmed 80 mM
washing buffer containing 10 M NaCl, 20 mM Tris HCl (pH 7.2), 10 mM EDTA. Samples
were visualized using a Zeiss LSM-510 confocal laser-scanning microscope (Carl Zeiss,
Jena, Germany) with two-helium neon lasers for excitation of Cy3 and Cy5 at 543 and
633 nm, respectively. Samples were observed under water immersion using a 63X objective.

2.8. Statistical Analyses

Data were analyzed by one-way analysis of variance (ANOVA) and the Tukey post
hoc test using the JMP software (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Azospirillum brasilense Sp7 and Paenibacillus dendritiformis T efficiently Colonize Melon and
Tomato Roots

An important trait of efficient PGPRs is their ability to colonize the plant’s roots. We
therefore examined the root colonization ability of A. brasilense Sp7 and P. dendritiformis T
in melon and tomato plants. Colonization efficiency was compared to that of Escherichia
coli, which is not a natural root colonizer and thus could serve as a non-efficient coloniza-
tion control. Wheat roots were used as a positive control for bacterial colonization since
A. brasilense strains are known to effectively colonize the roots of this and other cereals [52].
Bacterial numbers (normalized to CFU per gram root) were determined following mechani-
cal detachment of bacterial cells from the roots by two sequential steps, involving vortex
followed by root homogenization. Bacterial colonization was measured 2 and 24 h after
inoculation. These times were selected based on the biphasic model for attachment of
A. brasilense and other bacteria to plant roots, by which root colonization comprises a fast,
weak and reversible stage that occurs within 2 h, followed by a second step that occurs in
the following hours and is characterized by firm and irreversible anchoring [53–55].

Azospirillum brasilense Sp7 and P. dendritiformis T successfully colonized the roots of
the tested varieties of melon, tomato and wheat, with colonization levels varying from
~105–106 CFU g−1 root after 2 h of incubation to ~107 CFU g−1 root after 24 h. With that
said, it seems that colonization abilities of both strains were slightly more efficient in melon
and wheat than in tomato roots, particularly at the earliest sampling time (Figure 1). As
expected, colonization ability of E. coli cells was poor, reaching levels of only 104 to 105

CFU g−1 in both melon and tomato roots. These results indicate that both A. brasilense
Sp7 and P. dendritiformis T possess the ability to efficiently colonize the roots of melon and
tomato roots. Moreover, the levels of root colonization in these plants were comparable to
those observed for wheat, a known plant-growth-promotion target of A. brasilense [52].

Several studies have shown that P. dendritiformis possesses antimicrobial activities [44,56,57].
However, when P. dendritiformis T was plated on agar media together with A. brasilense
Sp7, no growth inhibition of the latter was observed (Figure S1a). Moreover, preliminary
fluorescence in situ hybridization (FISH) analyses using specific probes designed against
P. dendritiformis and A. brasilense could detect co-aggregates of the bacterial species on roots
of 24 day-old-melon plants grown in sand pots (Figure S1b). Overall, these results support
the idea that these two bacterial strains can be used in co-inoculation application.
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of the roots, bacteria were detached from the roots by vortex (V), followed by homogenization (H), 
and CFU g−1 root were determined by dilution plating following each one of the treatments. Data 
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four with similar results. 
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Figure 1. Root colonization ability of Azospirillum brasilense Sp7 (Ab) and Paenibacillus dendritiformis
T (Pd) on roots of tomato cv. M82 (a), melon cv. Ofir (b), and wheat cv. Bar Nir (c). Seven-day-old
roots were incubated for 2 or 24 h in bacterial suspensions with 108 CFU mL−1. After gentle washing
of the roots, bacteria were detached from the roots by vortex (V), followed by homogenization (H),
and CFU g−1 root were determined by dilution plating following each one of the treatments. Data
represent means and standard errors (SE) of four replicates per treatment of one experiment, out of
four with similar results.

3.2. Azospirillum brasilense Sp7 and P. dendritiformis T Promote Melon Seedling Growth in
Germination Paper under Salinity Stress

After validating the root colonization abilities of A. brasilense Sp7 and P. dendritiformis T
in melon and tomato, we carried out plant-growth-promotion assays in germination papers
soaked in a 50 mM NaCl solution to mimic salinity stress. This salinity concentration,
which is relevant to agricultural practices using brackish water for irrigation, was enough
to negatively affect the growth parameters of melon plants (Figure S2). Inoculation with
both strains, separately or together, significantly promoted the growth of melon seedlings
of the three tested melon cultivars, Ofir, Raymond and AN-305. In the three cultivars,
significant (p < 0.05) increases in root weight, root length, number of lateral roots and
number or lateral roots equal or longer than 2 cm were measured for all three bacterial
treatments (each strain alone and combined inoculation) as compared to non-inoculated
controls (Figure 2). For example, combined-bacterial inoculation treatments increased root
weight by 47%, 210% and 81% and root length by 33%, 60 and 25% in Ofir, Raymond and
AN-305 cultivars, respectively. While no significant differences were observed between
the different inoculation treatments, the combined inoculation of A. brasilense Sp7 and
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P. dendritiformis T consistently yielded slightly higher root parameter averages than the
individual inoculations (Figure 2).
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Figure 2. Growth promotion of melon seedlings (cultivars Ofir, Raymond and AN-305) induced by
inoculation of Azospirillum brasilense Sp7 (Ab), Paenibacillus dendritiformis T (Pb), and their combina-
tion (Ab+Pb). Experiments were carried out in germination papers using the “cigar roll” method.
Ten seeds previously soaked in the appropriate bacterial suspension were used in each roll. Growth
parameters were measured after 10 days: root dry weight (a); root length (b); number of lateral roots
(c); and number of lateral roots longer than 2 cm (d). Data represent means and SE of 30 replicates
(plants) per treatment from one experiment out of two with similar results. Different letters indicate
significant statistical differences (p < 0.05) according to one way ANOVA and Tukey post hoc.

Interestingly, in contrast with the positive effects that bacterial treatment had on melon
plants, no significant effects of inoculation were observed in experiments performed with
tomato cv. M82 under saline stress of 50 mM NaCl (Figure S3). These results coincide with
the fact that tomato plants, in contrast to melon plants, did not exhibit growth inhibition
when exposed to 50 mM NaCl (Figure S2), suggesting that the plants did not experience
significant stress under these conditions.

3.3. Azospirillum brasilense Sp7 and P. dendritiformis T Promote Growth of Melon Plants under
Salinity Stress in the Greenhouse

The effects of A. brasilense Sp7 and P. dendritiformis T on plant-growth parameters
were also tested on melon and tomato plants grown in the greenhouse under an irriga-
tion regime with saline water. Inoculation with each of the bacterial strains separately or
with a combination of both strains, significantly (p < 0.05) promoted the growth of the
three tested melon cultivars relative to non-inoculated controls (Figure 3). In fact, combined
bacterial inoculation treatments increased root dry weight by 102%, 96% and 78% and
shoot dry weight by 57%, 41% and 37% in Ofir, Raymond and AN-305 cultivars, respec-
tively. Although no significant differences were observed between single and combined
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inoculation treatment, Raymond and AN-305 plants inoculated with the combination of
A. brasilense and P. dendritiformis consistently exhibited a trend of higher shoot and root
weight averages compared to plants inoculated with each strain individually (Figure 3).
In contrast to the positive effect observed with inoculated melon plants, and as similar
as observed in germination paper experiments, bacterial inoculation did not promote the
growth of tomato cv. M82 plants in comparison to the untreated control plants (Figure S4).
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Figure 3. Growth promotion of melon plants (cultivars Ofir, Raymond and AN-305) induced by
inoculation of Azospirillum brasilense Sp7 (Ab), Paenibacillus dendritiformis T (Pb), and their combination
(Ab+Pb). Plants were grown in the greenhouse in 2 L pots filled with sand, under saline stress
(irrigation solution with NaCl at an EC of ~3.5 dS m−1). At 57 days after sowing, root dry weight
(a) and shoot dry weight (b) were measured. (c) A representative image of AN-305 roots obtained
from the different treatments. Data in graphs represent means and SE of 20 replicates per treatment
from one experiment out of two with similar results. Different letters indicate significant statistical
differences (p < 0.05) according to one way ANOVA and Tukey post hoc.

3.4. Effects of A. brasilense Sp7 and P. dendritiformis T Inoculation on Total Antioxidant Activity

The above results suggested that inoculation with A. brasilense Sp7 and P. dendritiformis
T, separately or together, alleviated the negative effect of saline stress on growth of melon
plants. Several studies showed that salinity stress promotes formation of reactive oxygen
species and consequent increase of total antioxidant activity in plants [58,59]. Based on this
background, we compared total antioxidant activity in inoculated melon plants relative to
controls. The results, presented as the percentage of radical scavenging activity, indicated
that indeed, following exposure to salinity stress, roots and leaves of plants inoculated
with A. brasilense, P. dendritiformis or a combination of both strains exhibited significantly
(p < 0.05) lower antioxidant activity as compared with non-inoculated plants (Figure 4).
Specifically, scavenging activity measured in roots decreased from 80% in control plants to
54%, 61% and 65% in plants inoculated with A. brasilense Sp7, P. dendritiformis T and their
combination, respectively. Similarly, scavenging activity in measured leaves decreased
from 84% in control plants to 60%, 53% and 61% in plants inoculated with A. brasilense Sp7,
P. dendritiformis T and their combination, respectively.
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Figure 4. Effect of Azospirillum brasilense Sp7 (Ab), Paenibacillus dendritiformis T (Pb) and their
combination (Ab+Pb) on total antioxidant activity (DPPH radical scavenging activity) in melon plants
(cultivar Ofir) grown for 45 days in the greenhouse under saline stress (irrigation solution with NaCl
at an EC of ~3.5 dS m−1). Results represent percentage of DPPH radical scavenging activity in 1 g
of fresh root (a) or leaf tissue (b). Data are means and SE of four replicates from one experiment
out of two with similar results. Different letters indicate significant statistical differences (p < 0.05)
according to one way ANOVA and Tukey post hoc.

3.5. Combined Inoculation with A. brasilense Sp7 and P. dendritiformis T Increased Melon Yield in
the Field under Saline Irrigation

The positive effects of A. brasilense Sp7 and P. dendritiformis T on melon plants in
germination paper and greenhouse experiments under saline conditions led us to set
a field experiment at Ein Tamar (Northern Arava) to assess whether inoculation with
the two strains can increase fruit yield in the field under irrigation with local, saline
water (~3.5 dS m−1). Importantly, crop cultivation was conducted according to standard
commercial practices for melon in the region, including optimized fertilization regime.
Even under such optimized conditions (apart the use of saline water for irrigation, i.e., sub-
optimal water quality), inoculation with P. dendritiformis T, as well as co-inoculation with
A. brasilense Sp7 and P. dendritiformis T resulted in a significantly (p < 0.05) higher number
of fruits (increases of 16%) and total fruit weight (increases of 15%) per plot as compared to
non-inoculated controls (Figure 5). Plants inoculated with A. brasilense Sp7 alone showed
increases of 6% and 8% in fruit number and weight, respectively, as compared to non-
inoculated controls; however, these differences were not statistically significant. On the
other hand, the A. brasilense Sp7 treatment did not significantly differ in these parameters
from the P. dendritiformis T and the co-inoculation treatments as well (Figure 5).
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Figure 5. Effects of inoculation with Azospirillum brasilense Sp7 (Ab), Paenibacillus dendritiformis (Pd),
and their combination (Ab+Pb) on yield of melon cv. AN-305 in the field. Plants were grown at the
Zohar agricultural research station at Ein Tamar, Israel for 120 days. Plants were fertilized according
to commercial requirements and irrigated with saline water (EC ~3.5 dS m−1). Average weight (a)
and number (b) of fruits per plot were determined at the end of the experiment. Data are means and
SE of 20 plots per treatment (each plot containing 10 plants). Different letters indicate significant
statistical differences (p < 0.05) according to one way ANOVA and Tukey post hoc.



Agronomy 2022, 12, 408 10 of 13

4. Discussion

The identification of beneficial microbes that can ameliorate plant tolerance to abi-
otic stress is becoming a goal of high importance, especially in light of the prevailing
climate changes that lead to irregular precipitation, increased temperature, and soil salin-
ization worldwide. In the present study, we examined the effect of two beneficial bacterial
strains, Azospirillum brasilense Sp7 and Paenibacillus dendritiformis T, on plant growth param-
eters, focusing on their potential to enhance the plant’s capacity to tolerate salinity stress.
A crucial requirement of PGPR inoculants is to efficiently colonize plant roots. We found
that A. brasilense Sp7 and P. dendritiformis T can colonize roots of melon and tomato plants
at levels similar to those measured in wheat (Figure 1), a plant whose roots are efficiently
colonized by A. brasilense [52]. Our results showed that both A. brasilense Sp7 and P. den-
dritiformis T, separately or together, are able to alleviate salinity stress in melon plants,
specifically affecting the plant root architecture and biomass. Significant increase in the
number of lateral roots, length and biomass was observed in melon seedlings inoculated
with both strains grown on germination paper under saline stress (Figure 2). This effect
was further noticed in greenhouse experiments where root and shoot weights of inoculated
plants were much higher than non-inoculated plants (Figure 3), and corroborated in the
field under standard agricultural practices, with increases in crop yields (Figure 5).

Salinity reduces water availability to plants by decreasing the osmotic potential of
the soil solution [60]. Since roots provide the primary mechanism that plants use to
absorb water and nutrients, increased surface area could positively affect water uptake and
decrease the stress experienced by plants irrigated with saline water [61,62]. In this regard,
the decreased antioxidant activity exhibited by the plants inoculated with A. brasilense
and P. dendritiformis (Figure 4) coincides with the bigger root biomass measured in these
plants (Figures 2 and 3), suggesting that inoculated plants experienced reduced stress
compared to controls. With that said, future experiments comparing antioxidant activity in
stressed and non-stressed plants, as well as additional antioxidant activity measurements
examining enzymatic and non-enzymatic pathways, are required in order to determine the
contribution of A. brasilense Sp7 and P. dendritiformis T to detoxification of reactive oxygen
species in plants grown under saline conditions.

In contrast with the positive effects induced by A. brasilense Sp7 and P. dendritiformis
T in melon plants, we were not able to detect plant-growth-promotion effects by these
bacteria on tomato plants. These results somehow contradict previous findings by Hadas
and Okon [40] who showed that A. brasilense strain Cd positively affected morphology
and growth parameters of tomato seedling roots. While these discrepancies could be
due to differences in experimental set-up and bacterial strains, it is important to stress
that according to that study, the positive effects of A. brasilense on tomato were dose-
dependent [40]. In addition, Mangmang et al. [41] reported that some A. brasilense strains,
including strain Sp7, were able to enhance root and shoot growth of tomato seedlings;
however, this study focused on the early stage of seedling emergence.

Co-inoculation of P. dendritiformis T and A. brasilense Sp7 on agar plates, as well as
FISH analyses performed on inoculated plants grown in sand (Figure S1), suggested that
these two strains are compatible and could be used as a combined inoculum in the field.
Enhanced growth of melon plants inoculated with P. dendritiformis T and A. brasilense
Sp7 compared to control plants was consistent throughout the experiments carried out
in growth chambers, greenhouse and in the field. Although combined inoculation of
A. brasilense Sp7 and P. dendritiformis T consistently yielded slightly higher root parameter
averages than the individual inoculations, the combined inoculum did not show a sta-
tistically significant additive effect. Paenibacillus dendritiformis and A. brasilense belong to
very different bacterial linages, probably employing different modes of action to withstand
stress, promote plant growth, and interact with the plant host and the rhizosphere microbial
population. Although these premises were not confirmed, we may posit that such a combi-
nation may lead to a variety of responses to different environmental conditions, possibly
complementing one another and covering a vast range of environmental and agricultural
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(including crops) scenarios. Finding effective combinations of PGPRs as presented here,
which do not antagonize one another and together can alleviate abiotic stresses for field
crops, is of high importance. This importance is intensified in light of the negative effects
climate changes impose on agriculture productivity and considering the increasing food
demand of the growing world’s population.

5. Patents

Provisional patent application No. 63/267,340 has been submitted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020408/s1, Figure S1: Assessing compatibility of
Azospirillum brasilense Sp7 and Paenibacillus dendritiformis T for co-inoculation experiments.
Figure S2: Assessment of tolerance to saline irrigation of melon cv. Ofir and tomato cv. M82 plants.
Figure S3: Growth of tomato (cv. M82) seedlings in response to inoculation with Azospirillum brasilense
Sp7 (Ab), Paenibacillus dendritiformis T (Pb), and their combination (Ab+Pb). Figure S4: Growth of
tomato (cv. M82) plants in response to inoculation with Azospirillum brasilense Sp7 (Ab), Paenibacillus
dendritiformis T (Pb), and their combination (Ab+Pb).
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