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Abstract: This study examines culturable diazotrophs and non-culturable bacteria found in the
rhizospheres and root pseudonodules of wild blackberry plants (Rubus ulmifolius) that dwell on
an unmanaged calcareous nitrogen-deficient soil. The DNA was extracted from the nodules and
rhizospheres, and 16S rRNA gene metabarcoding was carried out. The metagenome functions
were predicted with bioinformatic approaches. The soil samples were analyzed for the physico-
chemical properties. The culturable diazotrophs were isolated and evaluated for the biochemical
and plant growth-promoting properties. The soil was classified as nutrient-depleted calcareous
soil. The microbial communities of the nodules and rhizospheres showed marked differences. The
Pseudomonadota was the nodules’ dominant phyla (90%), while the Actinobacteriota was the most
abundant (63%) in the rhizospheres. Stenotrophomonas was the dominant genus (55%) in the nodules,
while the Streptomyces genus was widely present (39%) in the rhizospheres. The differences among the
nodule and rhizosphere microbial communities were also highlighted by the metagenome function
predictions. The gene copies (KOs) revealed the most interesting findings. Similar KOs involved in
the nitrogen fixation were found to be similar in terms of the nodules and rhizospheres. However,
the nitrate reduction was higher in the rhizosphere, while the denitrification was more prominent in
the nodules. Nine diazotrophs were isolated from the nodules and rhizospheres. The plant growth
promoting traits’ characterization has shown the interesting potential of the isolates in improving the
acquisition of nutrients in plants, promoting their growth, and tolerating stress. Based on interesting
biochemical and plant growth-promoting traits, the isolate N2A was further characterized and
identified as Pantoea agglomerans.

Keywords: Rubus ulmifolius; nitrogen fixation; plant growth-promoting bacteria; 16S rRNA gene;
PICRUSt 2

1. Introduction

Often overlooked, the soil is one of the most important components of our environ-
ments, playing a vital role in sustaining life. Soil comprises the second largest carbon
reservoir of the planet, the keystone of many biogeochemical cycles, and is inhabited by
countless living beings closely associated with soil particles [1]. Among the soil microor-
ganisms, bacteria are the most basic and widespread dwellers [2,3]. It is estimated that
we could sample up to 10,000,000,000 bacterial cells in a single gram of soil [4], consisting
of about 4000 to 50,000 different species [5,6]. Despite this richness, we only know a little
about this immense vastness, only a small percentage of bacterial phyla can be cultured,
and their metabolism is not known [7].
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Bacteria shape our world; they are the primary converters of carbon dioxide into
molecular oxygen; they refill soil with nutrients and make plants grow [8]. Thanks to the
latest molecular analysis techniques, we have begun to understand the complexity of the
soil microbial communities and their metabolisms [9]. Rather than an inert surface, the soil
is alive and constantly changing due to the activity of bacteria and many other organisms.
Microorganisms weave refined webs of a nutrient interexchange between themselves and
other living beings, often forming symbiotic relationships [10].

Microbial communities are shaped by the physico-chemical properties of the soil [11].
Among the latter, the nutrient content is a major factor in shaping microflora [12]. Changes
in nitrogen, phosphorus, and potassium modify soil microbial communities [13]. The nitro-
gen fertilization of natural ecosystems, for example, decreased the microbial communities’
richness and diversity [14]. At the same time, rhizobacteria play beneficial roles for plants,
improving their nutrient uptake, growth rate, and disease resistance [15]. Plants cope better
with abiotic stress and biological threats thanks to these relationships, and they sometimes
cannot thrive or even grow without interconnections with bacteria [16]. Thus, plants have
evolved in exceptional ways to communicate chemically with microorganisms [17]. The
application of plant growth-promoting rhizobacteria (PGPR) in an agriculture has grown in
recent decades due to their stimulating effects on plant growth [18,19] and the production
of different metabolites of interest [20].

One of the most studied classes of PGPR is that of diazotrophs, or nitrogen-fixing
bacteria, as they can help reduce our dependence on nitrogen fertilizers. These compounds
helped improve the yields and feed a growing population during the 20th century [21].
However, while nitrogen fertilizers are useful, there is growing concern about their overuse.
They are a source of environmental pollution (e.g., soil acidification, eutrophication, and
even the emission of greenhouse gases) [22]. Therefore, scientific research is attempting to
find alternative and more sustainable solutions to mitigate the effects of their dispersal or
reduce their use. PGPR are a promising tool, but there are currently some limitations when
applied, mainly because bacterial formulations do not always survive in open-field inocu-
lations, and root colonization is challenged by the presence of in situ microorganisms [23].

To increase the success of a microbial inoculant, the strain or strains of interest should
be isolated from the target species in which the product is to be applied. Plants, in fact, estab-
lish cultivar-specific associations with microbiota [24]. Within these associations, the Frankia
(phylum Actinomycetota) genus forms a specific symbiotic relationship with actinorhizal
plants [25]. Actinorhizal symbiosis is a polyphyletic trait. Therefore, the association with
Frankia in Rosales probably arose independently multiple times in the co-evolutionary
history of these plants (and vice versa) [26]. Frankia and other actinobacteria can colonize
roots forming vesicles that stimulate the formation of a vascular core surrounded by cortex
cells known as pseudo-nodules [27]. Within these structures, these bacteria fix nitrogen in
an oxygen-free environment [28]. These structures are different from nodules, which are
the cortical cell-derived root outgrowth structures formed by the symbiotic association with
rhizobia [29]. This article presents a case study of microbiota of wild blackberry (Rubus
ulmifolius) root pseudo-nodules (hereafter, nodules) and rhizospheres. This species belongs
to the family Rosaceae, order Rosales. A few cases dealing with the endophytic associ-
ations between the members of Rosales and nitrogen-fixing rhizobacteria are described.
Bond reported the first case of nodular formations on a specimen of Rubus ellipticus [30].
Later, Becking confirmed Frankia as the causative agent of these structures [31]. Rubus
ferdinandi-muelleri was also described as an actinorhizal plant [32]. However, to the best of
our knowledge, there are no cases of R. ulmifolius hosting pseudo-nodules.

Culturable diazotrophs, unculturable bacteria, and the soil physico-chemical charac-
teristics were studied. Based on the presence of nodules and given the nutrient deficiency
in the soil, we hypothesized a microbial community composed of numerous N2-fixing
bacteria. Within the microbiota we also hypothesized the presence of culturable diazotroph
strains with plant growth-promoting (PGP) traits. The plant samples and their rhizo-
spheres were collected from an unmanaged olive grove. The nodules and rhizospheres
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were subjected to a DNA extraction and diazotrophs isolation. Rhizosphere soil was also
subjected to a physico-chemical characterization. The DNA samples were subjected to 16S
rRNA gene metabarcoding to study the nodules and rhizosphere microbiota. The metabar-
coding data were used to predict the metagenome functions. The isolates were screened
for their bacteriological, biochemical, and plant growth-promoting traits to evaluate the
biostimulant abilities.

2. Materials and Methods
2.1. Plant and Soil Sampling and Analysis

Fifteen plants were sampled in an unmanaged olive grove in the municipality of Scheg-
gino (province of Perugia, Italy—12.8272, 42.6864–471 m a.s.l.) by digging them with the
soil surrounding the plants (20 cm depth) and transferring them to the laboratory in sterile
bags. The plant specimens were analyzed by our botanist (Prof. Loretta Pace), classified
as Rubus ulmifolius Schott., and deposited in the Herbarium Aquilanum of the University of
L’Aquila (Environmental Sciences Section, MeSVA Department, L’Aquila, Italy). After the
plant’s identification, the nodules were excised and bulked. The rhizosphere samples were
also bulked.

Three aliquots of the bulked samples were immediately processed for the isolation
of culturable microflora. Further, three aliquots of the bulked samples were placed in
the freezer (−20 ◦C) for DNA isolation. An aliquot of a bulked soil sample was dried
at room temperature for 2 days and analyzed for the physico-chemical properties by the
Laboratori ISPA—Istituto Sperimentale Problematiche Ambientali Panetta S.r.l. (Atina,
Italy), following the Italian standards methods [33] as previously described [34].

2.2. DNA Extraction, 16S rRNA Gene Metabarcoding, and Metagenome Functions Prediction

The nodules were bulked across all the samples and homogenized with a mortar–
pestle with the help of liquid nitrogen. The soil samples were also bulked and processed by
sieving (<2 mm). The genomic DNA was collected using 500 mg bead beating techniques
from the homogenous samples utilizing a NucleoSpin®Soil kit, according to the company
protocol (Macherey Nagel, Düren, Germany). Using a Qubit fluorometer (Thermo Scien-
tificTM), the extracted samples were examined spectrophotometrically and fluorometrically
to determine the DNA content and purity. Three replicates from each sample were mixed
to form an equimolar solution. According to the previously reported analytical method [35]
and paired-end 16S rRNA gene community sequencing on the MiSeq Illumina platform
(Bio-Fab Research, Rome, Italy), a customized 16S rRNA technique was performed to
amplify the V3 and V4 (16S Amplicon PCR Forward Primer 5′ TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and 16S Amplicon PCR Reverse
Primer 5′GTCTCGTGGGCTCG GAGATGTGTATAAGAGACAGGA CTACHVGGGTATC-
TAATCC) regions of the 16S rRNA gene. The reads were initially checked for their quality
and counted after filtering. QIIME2 (qiime2-2020.2 version) was used for the ASV (Ampli-
con Sequence Variant) assembly with the DADA2 plugin [36]. From the 16S file obtained
from the SILVA 132 database (https://www.arb-silva.de/, accessed on 2 October 2021), the
V3–V4 specific region was extracted and utilizedfor classifier training by the fit-classifier-
naive-bayes plugin 1 or the assignment of the taxa.

We used the PICRUSt2 program to estimate the functional abundances of the microbial
communities using information from the 16S rRNA gene sequencing. Based on the ASV
sequence profiles and abundances, the PICRUSt2 predictions were calculated [37]. We
considered three gene family databases: the Kyoto Encyclopedia of Genes and Genomes
(KEGG), orthologs (KOs), Enzyme Commission numbers (ECs), and MetaCyc pathways
abundances (PWYs). The PICRUSt2 outputs (KOs, ECs, and PWYs) were analyzed by
QIIME2 software. The KOs involved in the nitrogen cycle were also studied following Das
and colleagues [38].

We calculated the alpha-diversity metrics (i.e., Simpson, Shannon, and Chao1 indices)
by PAST 4.03 software. We studied the differences among the ECs, KOs, and PWYs

https://www.arb-silva.de/


Soil Syst. 2022, 6, 96 4 of 18

predicted for the nodules and rhizospheres by GraphpadPrism 9 using a Paired t-test
(p < 0.001).

2.3. Isolation and Biochemical Characterization of Diazotrophs

The diazotrophic strains were isolated from the root nodules and rhizospheres of
blackberries. A total of 1g of root segment was added to 9 mL of 1% of sterile Tween
20 saline solution and agitated for 30 min at room temperature. Then, the serial dilutions
(from 10−2 to 10−9) were prepared and 0.1 mL were plated on a nitrogen-free combined
carbon (NFCC) selective medium. The plates were incubated at 30 ◦C for 48 h.

The strains obtained were further investigated for the bacteriological and biochemical
traits. The Gram nature was identified by a Gram staining kit (Sigma-Aldrich, St. Louis,
MO, USA). The biochemical characteristics were investigated using VITEK 2 equipment and
procedures (Biomerieux, Bagno a Ripoli, Italy). Based on the Gram nature, the isolates were
processed with either Gram-positive or Gram-negative biochemical traits cards following
the manufacturer’s standard procedures.

2.4. Plant Growth-Promoting Traits Investigation

Several PGP tests were evaluated to test the isolates’ ability to promote the plant’s
growth. The production of hydrocyanic acid (HCN), ammonia (NH3) and indole-3-acetic
acid (IAA), phosphate solubilization, and 1-aminocyclopropane-1-carboxylate (ACC) deam-
inase activity were estimated.

2.4.1. Hydrocyanic Acid and Ammonia Production

To assess the HCN production, a trypticase soy agar (TSA) medium supplemented
with glycine (4.4 g L−1) was plated with 100 µL of each liquid culture in a nutrient broth
(NB) medium. Each inoculated Petri dish had a Whatman paper identical to the dish’s
diameter that had been immersed in picric acid (0.5%) and sodium carbonate (2%), closed
with parafilm, and incubated at 30 ◦C for 48 h. The change in the color of the paper (from
yellowish to an orange or brown color) was used to measure the HCN production [39].

The NH3 production was analyzed on peptone water (PW) liquid medium. A total
of 100 µL of liquid culture in the NB medium of each isolate were inoculated in 10 mL of
peptone water and incubated for 48 h at 30 ◦C. After the incubation, 0.5 mL of Nessler’s
reagent was added to each tube. The occurrence of a yellow color was assumed as a positive
result [40].

2.4.2. Production of Indole-3-Acetic Acid

The IAA production was evaluated as explained by Djebaili et al. (2020) [41] and was
performed as follows: 100 µL of a liquid culture in the NB medium of each strain were
inoculated in 10 mL of the NB medium added with tryptophan (0.2% w/v) and the mixture
was incubated at 30 ◦C for 48 h with moderated shaking at 150 rpm. The cultures were
centrifuged after incubation for 20 min at 3000 rpm. After that, 4 mL of Salkowski’s reagent
were combined with 1 mL of supernatant [42]. The solution was kept in the dark at 37 ◦C
for 30 min. The optical density was measured at 530 nm and the IAA standard curve was
used to quantify the IAA concentration in each sample [43].

2.4.3. Phosphate Solubilization

The isolates were smeared on the National Botanical Research Institute’s Growth
medium (NBRIP), which contains Ca3(PO4)2 as the sole source of phosphate, to assess the
ability of the strains to solubilize the inorganic phosphate [44]. This ability was observed by
a solubilization halo around the colony formation after an incubation of 48 h at 30 ◦C. The
solubilized phosphate was quantified using a liquid NBRIP media. Briefly, 10 mL of the
liquid NBRIP medium was inoculated with 100 µL of each suspension culture in a nutrient
broth (NB) medium. The mixture was incubated at 30 ◦C for 48 with a moderate agitation.
The cultures were then centrifuged after incubation at 3000 rpm for 20 min [45] and the
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Olsen and Sommers colorimetric method was used to measure the solubilized phosphorus
in the supernatant [46].

2.4.4. 1-Aminocyclopropane-1-Carboxilate Deaminase Estimation

The method outlined by Brigido et al. was used to determine the activity of the ACC
deaminase [47]. A total of 200 µL of the liquid culture of each strain were inoculated in
15 mL of an NB medium and incubated for 48 h at 30 ◦C in a rotatory shaker at 200 rpm. A
centrifugation was carried out at 3000 rpm following two washings with 10 mL of Dworkin
and Foster (DF) salts minimum medium deprived of a nitrogen source [48]. The pellets of
each culture were homogenized in 15 mL of a minimal DF salt medium added with 3 mM
of ACC and were then shaken for 72 h at 30 ◦C. After incubation, the cell suspensions were
obtained by centrifuging the cultures and washing them in 5 mL of 0.1 M Tris-HCl (pH 7.6).
After centrifugation at 10,000 rpm, the obtained pellet was utilized for the enzymatic
activity assay.

It was dissolved in 400 µL of 0.1 M Tris-HCl (pH 8.0) with 20 µL of toluene. Then,
50 µL from each cell lysate was distributed into three microtubes, where 5 µL of ACC
(0.5 M) was added in two tubes, while the third tube was used as a negative control. A
second negative control was also made, comprising 5 µL of 0.5 M of ACC and 50 µL of
0.1 M Tris-HCl (pH 8.0). The cell suspensions were agitated for 5 s after the addition of
the ACC and incubated for 30 min at 30 ◦C. Each tube received 500 µL of 0.56 M HCl
followed by a vortexing for 5 s. A centrifugation was performed and the standard was
effectuated with a solution of α-ketobutyrate (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M
of TRIS-HCl (pH 8.0). The optical density was read at 540 nm. The determination of the
ACC deaminase activity was conducted using the calibration curve of α-ketobutyrate (5,
10, 15, 20, and 25 µmol mL−1) and expressed as a µmol α-ketobutyrate h−1 mg protein−1.

The Bradford method [49] was used to determine the protein amount using bovine
serum albumin (BSA) as a standard and the total protein concentration of the extracts was
calculated using a calibration curve with BSA (1.25, 2.5, 5, and 10 µg/mL).

2.5. 16S rRNA Gene Barcoding and Phylogenetic Analysis

The 16S rRNA gene barcoding was carried out on the most promising strain (Mi-
crobion, Verona, Italy). The DNA was first extracted from an overnight bacterial culture.
The DNA was then amplified using universal bacterial primers (8F/1541R). The genetic
database of the NCBI (National Center for Biotechnology Information; http://www.ncbi.
nlm.nih.gov, accessed on 11 July 2022) was used to compare the consensus sequence
(~1400 bp) with those present in the database, utilizing the local base alignment search
(BLAST). More than 99% of the sequence’s similarity was taken into consideration. MEGA
X was used to conduct the phylogenetic analysis [50]. The tree was inferred by using the
maximum likelihood method. The initial tree(s) for the heuristic search were obtained
automatically by applying neighbor join and BioNJ algorithms to a matrix of pairwise
distances estimated using the Jukes–Cantor model [51] (1000 bootstrap), selected based on
the lowest Bayesian information criterion scores [52].

3. Results
3.1. Plant and Soil Analyses

Figure 1 shows a nodular formation on the plant samples, developed where the
stem joins the root below the soil’s surface. All the nodules which were sampled had
woody external and internal structures. The inner tissues of the nodules had a peculiar
red-pink pigmentation.

The characterization of the soil sample is given in Table 1. Based on the pH, electrical
conductivity (EC), and low nutrient contents, the sample was classified as a calcareous
nutrient-depleted soil.

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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Figure 1. Plant nodular formations present on Rubus ulmifolius where the stem joins the roots below
the soil surface.

Table 1. Soil physico-chemical properties.

Parameter Value Unit

pH 8.7 -
EC 26 µS cm−1

Nitrogen (total) 0.09 %
Nitrogen (NH3) 1.6 mg Kg−1

Nitrogen (HNO3) 3.1 mg Kg−1

Phosphate <1 mg Kg−1

Potassium 76 mg Kg−1

Total Organic Carbon 1.5 %
Calcium 3244 mg Kg−1

3.2. 16S rRNA Gene Metabarcoding, and Metagenome Functions Prediction

The outcomes of the 16S rRNA gene metabarcoding were examined to evaluate the
richness and diversity of the samples and the results are shown in Table 2. The nodule
samples showed more taxa, individuals, and species numbers in the community (Chao-
1) than in the rhizosphere samples. However, according to the diversity indexes, the
rhizosphere samples presented more richness and diversity (0.8 and 2.7) for Simpson_1-D
and Shannon_H indices than the nodule samples.

Table 2. Diversity indices generated from the results of 16S rRNA metabarcoding using PAST 4.03.

Taxa_S Richness (ASV Level) Simpson_1-D Shannon_H Evenness_eˆH/S Chao-1

Nodules 220 41010 0.68 2.24 0.043 232
Rhizosphere 204 38516 0.84 2.74 0.076 210

The classification of the ASV taxa revealed the presence of 4 common bacterial phyla
on both nodule and rhizosphere samples and 22 genera distributed differently between the
two samples. At the phylum level (Figure 2 and Table S1 of the Supplementary Materials),
Pseudomonadota was the dominant phyla (90%) on the nodule samples, followed by Acti-
nobacteriota, Bacteroidota, and Bacillota with an equivalent dispersion. For the rhizosphere
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samples, Actinobacteriota was the most abundant (63%), followed by Bacteroidota and
Pseudomonadota (24 and 9%, respectively).
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At the genus level (Figure 3 and Table S2 of Supplementary Materials), the ASVs were
mainly associated with 22 taxa (cutoff of relative abundances at 0.5%). Stenotrophomonas
was the dominant genus (55%) in the nodules, followed by Pseudomonas (21%). Seven
lineages were only present in the nodules, i.e., Brevundimonas, Cupriavidus, Flavobacterium,
Paenibacillus, Pseudomonas, Sphingomonas, and Stenotrophomonas. The other genera were
also found in the rhizosphere samples. The common presence of the diazotroph group
ANPR (Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium) was important. The genus
Streptomyces was widely present (39%) in the rhizospheres, followed by Chitinophaga (23%),
Glycomyces (9%), and Promicromonospora (7%). Glycomyces, Inquilinus, Kribbella, Nocardia,
Nonomuracea, Streptomyces, and TM7a were exclusive to rhizospheres.
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The different composition and structure of the nodule and rhizosphere microbial
communities were also made evident by the predicted functions of the metagenome.
Figure 4 shows the correlation plot for the predicted ECs. A marked difference in the
predicted ECs count was found between the nodules and rhizospheres (Paired t-test:
p < 0.001). As depicted, only a few ECs achieved relative counts greater than 100000 in both
the samples (labeled black with EC codes). Marked differences were shown by EC:32.2.1.23
(beta-galactosidase), with the highest counts in the nodules, and EC:2.5.1.18 (glutathione
transferase), with the highest counts in the rhizospheres.
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The predicted KEGG orthologs relative counts also presented a marked difference
between the samples (Paired t-test: p < 0.001) (Figure 5). The KOs with counts higher
than 100,000 in both samples were few (black labels), with prominent counts of K03406
(methyl-accepting chemotaxis protein) in the rhizospheres and K19737 (type II protein
arginine methyltransferase) in the nodule. Counts lower than 100,000 were recorded for all
the rhizosphere predicted pathways (PWY, Figure S1 of the Supplementary Materials) with
a significant difference from those predicted for the nodule (Paired t-test: p < 0.001).

To study the predicted KOs associated with the nitrogen metabolism, we investigated
them separately and considered the process to which they belonged (Table 3). The analysis
revealed that the predicted gene copies involved in the nitrogen fixation are similar in the
nodule and rhizosphere. No relative counts for the KOs associated with the nitrification
process were observed. Some dissimilarities were found for the other KOs involved in
the other processes linked to the nitrogen cycle. The relative counts of the KOs associated
with assimilatory and dissimilatory nitrate reduction were higher in the rhizosphere than
in the nodule. In contrast, denitrification was more prominent in the nodule than in
the rhizosphere.
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Table 3. Relative counts of the selected KEGG orthologs associated with nitrogen cycle predicted
through PICRUSt 2.

Process KO Nodule Rhizosphere

Nitrogen fixation

K00531 - -
K02586 306 278
K02588 306 278
K02591 229 208

Nitrification

K10535 - -
K10944 - -
K10945 - -
K10946 - -

Assimilatory nitrate
reduction

K00367 671 8962
K00372 7082.14 16,430.38
K00360 1687.49 10,246.58
K00366 190.5 208.8

Denitrification

K00368 368.5 594.25
K15864 1753.82 -
K04561 2213.32 572.25
K02305 1972.82 287
K00376 1927.82 15

Dissimilatory nitrate
reduction

K00362 11,351.63 29,261.54
K00363 9385.96 27,120.58
K00370 3085.32 8475.25
K00371 3085.32 8475.25
K00374 3085.32 8475.25
K02567 179.07 450
K02568 193.07 489
K03385 7 1
K15876 7 1
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3.3. Isolation and Biochemical Characterization of Diazotrophs

Nine diazotrophic strains (N1, N2A, N2B, N3, N5, N6A, N6B, N6C, and N7) were
obtained from the root nodules and rhizosphere samples on the NFCC selective medium.
Their N2-fixation ability was detected by evaluating the intensity of the color change in the
NFCC medium from green to blue.

According to the Gram staining, six strains were classified as Gram-positive (N1, N2B,
N6A, N6B, N6C, and N7) and three as Gram-negative (N2A, N3, and N5). The biochemical
characterization shown in Tables S3 and S4 showed metabolic traits for the isolates N7,
N2A, and N5. The phenotypic identification of the strains based on these biochemical traits
was only possible for N2A and N5, with an identification rate of 98% and 96%, respectively.
Both isolates were associated with Pantoea agglomerans species. The other isolates received
a phenotypic association lower than 80%.

3.4. Plant Growth-Promoting Traits Investigation
3.4.1. Hydrocyanic Acid and Ammonia Production

The hydrocyanic acid and ammonia production was estimated for the nine isolated
strains with a N2-fixing ability (Table 4). HCN was produced by all the isolates, except by
the N1 and N7 strains, while all the strains seemed to be able to produce NH3. Two strains
(N2A and N5) showed results considering both the production of HCN and NH3.

Table 4. HCN and NH3 production by the isolated strains. The estimate was indicated as follows: no
production (−); low production (+); medium production (++); high production (+++).

N1 N2A N2B N3 N5 N6A N6B N6C N7

HCN − ++ + + ++ + + + −
Ammonia ++ +++ ++ +++ +++ +++ + ++ ++

3.4.2. Indole-3-Acetic Acid Production

The production of IAA by the different strains is shown in Figure 6. All the tested iso-
lates demonstrated an ability to produce IAA up to 10 µg mL−1 of IAA. The highest amount
of IAA was observed for the N2A strain (14.79 µg mL−1), followed by N5 (13.91 µg mL−1)
and N3 (13.03 µg mL−1). The lowest amounts were observed for the N2B and N6B strains,
with 10.73 µg mL−1 and 10.81 µg mL−1, respectively.
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3.4.3. Phosphate Solubilization

The phosphate (PO4
3−) solubilization activity was further investigated as a PGP

trait through qualitative and quantitative approaches. The solubilization ability on a
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solid NBRIP medium was shown by all the isolates with the presence of a solubilization
halo around the colony. The estimated PO4

3− solubilized in a liquid NBRIP medium
(Figure 7) was reported in the N2B strain showing the highest amount of solubilized PO4

3−

(82.33 µg mL−1), followed by N3, N6A, and N2A with 77.59 µg mL−1, 75.14 µg mL−1,
and 72.14 µg mL−1, respectively. The lowest amounts were obtained for strain N6B
(61.85 µg mL−1) and N7 (61.51µg mL−1).

Soil Syst. 2022, 6, x FOR PEER REVIEW 11 of 19 
 

 

the N1 and N7 strains, while all the strains seemed to be able to produce NH3. Two strains 
(N2A and N5) showed results considering both the production of HCN and NH3. 

Table 4. HCN and NH3 production by the isolated strains. The estimate was indicated as follows: 
no production (−); low production (+); medium production (++); high production (+++). 

 N1 N2A N2B N3 N5 N6A N6B N6C N7 
HCN − ++ + + ++ + + + − 

Ammonia ++ +++ ++ +++ +++ +++ + ++ ++ 

3.4.2. Indole-3-Acetic Acid Production 
The production of IAA by the different strains is shown in Figure 6. All the tested 

isolates demonstrated an ability to produce IAA up to 10 µg mL−1 of IAA. The highest 
amount of IAA was observed for the N2A strain (14.79 µg mL−1), followed by N5 (13.91 
µg mL−1) and N3 (13.03 µg mL−1). The lowest amounts were observed for the N2B and N6B 
strains, with 10.73 µg mL−1 and 10.81 µg mL−1, respectively. 

 
Figure 6. IAA concentrations produced by the different strains. 

3.4.3. Phosphate Solubilization 
The phosphate (PO43−) solubilization activity was further investigated as a PGP trait 

through qualitative and quantitative approaches. The solubilization ability on a solid 
NBRIP medium was shown by all the isolates with the presence of a solubilization halo 
around the colony. The estimated PO43− solubilized in a liquid NBRIP medium (Figure 7) 
was reported in the N2B strain showing the highest amount of solubilized PO43− (82.33 µg 
mL−1), followed by N3, N6A, and N2A with 77.59 µg mL−1, 75.14 µg mL−1, and 72.14 µg 
mL−1, respectively. The lowest amounts were obtained for strain N6B (61.85 µg mL−1) and 
N7 (61.51µg mL−1). 

 
Figure 7. Amounts of solubilized phosphate (PO43−) by different isolates cultivated on liquid NBRIP 
medium. 

Figure 7. Amounts of solubilized phosphate (PO4
3−) by different isolates cultivated on liquid

NBRIP medium.

3.4.4. 1-Aminocyclopropane-1-Carboxilate Deaminase Estimation

In Figure 8, the estimation of the ACC deaminase activity was reported. The high-
est amount was observed in N1 (3.0 µmol α-KB mg proteins −1 h−1), followed by N2A
(1.82 µmol α-KB mg proteins −1 h−1). The lowest amount was observed for the strain
N5 (0.09 µmol α-KB mg proteins −1 h−1). The other strains showed values ranging from
0.54 µmol α-KB mg proteins −1 h−1 to 0.82 µmol α-KB mg proteins −1 h−1.
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3.5. 16S rRNA Gene Barcoding and Phylogenetic Analysis

We further characterized the most promising isolate by 16s rRNA barcoding and
conducted a phylogenetic analysis. The N2A isolate was identified as Pantoea agglomerans
with an identity percentage of 99.9% (Figure 9). These analyzes allowed us to confirm the
VITEK 2 identification of the N2A isolate.
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model [38]. The tree with the highest log likelihood (−2671.15) is shown. The percentage of trees
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scale, with branch lengths measured in the number of substitutions per site. This analysis involved
10 nucleotide sequences. There were a total of 1488 positions in the final dataset. NCBI accession
numbers are provided in parenthesis.

4. Discussion

There is still much to learn about soil microbial communities. Increasing our knowl-
edge of their composition, structure, functionality, processes, and relationships is a fun-
damental component in the research. It can directly help us understand how to improve
agriculture through the modulation, management, and manipulation of the interactions be-
tween plants and microbes. In this study, we investigated wild root-nodulating R. ulmifolius
plants from calcareous nitrogen-deficient soil, describing for the first time the microbiota of
its nodule and rhizosphere and unveiling its potential as an isolation source of diazotrophic
PGP strains. The findings showed that the soil was calcareous and nutrient depleted. The
16S rRNA gene analysis showed marked differences among the nodule and rhizosphere
microbial populations. The most prevalent phylum in the rhizosphere (63%) was Acti-
nobacteriota, whereas Pseudomonadota dominated the nodule one (90%). The Streptomyces
genus was widely distributed in the rhizospheres (39%), although Stenotrophomonas was
the dominant genus (55%) in the nodules. Due to the absence of the Frankia genus, the
association of R. ulmifolius with actinorhizal plants was not possible. In the nodules and
rhizospheres, the predicted gene copies implicated in the nitrogen fixation were similar.
Although denitrification was more prevalent in the rhizosphere, the nitrate reduction was
higher in the nodules. The nodules and rhizospheres yielded nine diazotrophs with PGP
traits. The most interesting isolate was further identified as P. agglomerans N2A.

The occurrence R. ulmifolius as part of the shrubland towards the woodland is linked
to the unmanaged cropping history. This occurrence is common in Italian abandoned olive
groves and has been already described for the Tyrrhenian district of Central Italy [53]. Even
if Rubus is reported as thriving in nitrophilic-type habitats, the association with nitrogen-
fixing bacteria and the presence of pseudo-nodules participated in the colonization of this
plant in a such a nitrogen-poor habitat. The plants associated microbes have an active
role in the plant growth promotion, enhancing the plant’s ecological fitness under harsh
environmental conditions [54,55]. Plant-associated microbes are divided into rhizosphere
microorganisms (which reside in the soil near the roots), epiphytic bacteria (which colonize
the phyllosphere), and endophytic microbes (which live inside plant tissue) [56–58]. Endo-
phytic bacteria play a crucial role in plants’ physiological and phytosanitary status [59,60].
In our case, root nodules and microbiota studies suggested a particular plant-microbe
interaction and the involvement of diazotrophs in their formation. However, the absence
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of the Frankia genus in the nodule samples suggests that Rubus ulmifolius should not be
described as an actinorhizal plant. Root nodules result from the host plant’s selection of
compatible nitrogen-fixing soil bacteria, with the subsequent proliferation and induction of
the nodule’s formation [61]. The presence of nodules in non-leguminous plants is described
for several species, including Rubus spp. [62]. The pigments found within the inner tissues
of the nodule could be linked to something akin to a respiratory pigment that is mutual-
istically produced by the plant to enhance the plant–diazotrophs interaction, the globins.
Based on the literature reports and considering the stressful conditions of the sampling
area, this pigment could be non-symbiotic hemoglobin (NsHb). NsHb is present in some
non-leguminous plants, with an over-expression in stressful conditions [63].

The 16S rRNA metabarcoding revealed an abundant and diverse microbial community
of nodules, mainly represented by Pseudomonadota. This phylum is frequent in the roots
and the rhizosphere and includes several diazotrophs with the ability to create root nodule
symbiosis [64]. Within Pseudomonadota, the most abundant genus was Stenotrophomonas,
followed by Pseudomonas. These genera are present in a wide range of environments and
play a key role in the nitrogen cycle [65,66]. Additionally, worthy of attention was the
presence of Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, including genera rele-
vant to a nitrogen fixation and nodule formation [67]. Pseudomonadota, Bacillota, and
Actinobacteria are the most prevalent phyla discovered in bacterial plant endophytes [68].
Others are less frequently recorded as endophytes, including Acidobacteria, Bacteroidetes,
Planctomycetes, and Verrucomicrobia [59]. Within these phyla, the most widespread en-
dosymbionts belong to Pseudomonas, Bacillus, Burkholderia, Stenotrophomonas, Micrococcus,
Pantoea, Microbacterium, Enterobacter, Azospirillum, and Serratia [68].

The rhizosphere bacterial community was different from the nodule ones, consisting
mainly of Actinobacteriota belonging to the genus Streptomyces. Streptomyces, together
with Micromonospora, is the most common genus of soil actinomycetes accounting for up to
20% of culturable bacteria [69]. This genus colonizes the rhizosphere and the rhizoplane
and can also be found as an endophyte [70]. Streptomyces is fundamental in the break-
down of the soil organic matter and participates in nutrient cycling [69]. Its complex life
cycle is the result of multiple pioneering efforts with multicellular transformations and
evolution [71]. These characteristics allow actinomycetes to survive in harsh conditions
(e.g., alkaline soils) [72]. Streptomyces and Nocardia are well represented in rhizosphere
soils, comprising about 95% of soil actinobacterial microbiomes [57,73]. The other relevant
genera were Chitinophaga, Glycomyces, and Promicromonospora, genera usually described in
rhizospheres with degradation abilities towards a wide variety of carbohydrates, chitin,
and lignocellulose biomasses [74–76].

The prediction of the metagenome function showed a huge difference among the ECs,
KOs, and PWYs of nodule and rhizosphere. The most interesting results were discovered
with the study of the KOs involved in the nitrogen cycle. The absence of the KOs involved
in the nitrification process (microbial-induced conversion of NH4

+ into NO3
−) is due to

the ability of the plant and rhizosphere microbiota to inhibit this process, especially in
N-limited ecosystems [77]. This finding is also supported by the KOs involved in the
denitrification processes (NO3

− to N2) and assimilatory and dissimilatory nitrate reduction
present in both plant districts [78].

In recent years, there has been a growing interest in developing biological tools for
agriculture to reduce our dependence on chemical fertilizers. Microbial inoculants with
plant growth-promoting properties are a promising field of study with several ongoing
applications [79]. To fully exploit the potential of a microbial stimulation and overcome the
limitations, more field research is needed to find species and strains with characteristics
deemed useful in agriculture [80]. Bacteria are among the pioneering organisms that
colonize challenging environments by adapting their metabolisms [81]. Therefore, the
isolating of bacteria from difficult habitats could represent a valid strategy to obtain valid
strains useful in agriculture [82]. The PGP traits of the isolates showed a good potential for
agricultural applications, particularly the P. agglomerans N2A strain. Several P. agglomerans
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isolates have already been isolated from the plant rhizosphere and described as diazotrophs
and PGPR [83–87].

The results we obtained with the analysis of the PGP traits on the isolated strains lead
us to think they can be used as inoculants in agriculture. Nitrogen fixation, IAA, phosphate
solubilization, ACC deaminase, NH3, and HCN: these properties are the most studied
and reliable PGP traits for an effective indirect and direct plant growth promotion [28].
Hydrocyanic acid induces plant resistance by altering the cytochrome oxidase pathway
and exerting deleterious impacts on pathogens [88]. Ammonia appears to be linked to the
root and shoot elongation as well as to the increase in the plant biomass. Furthermore,
it contributes to the decomposition of organic materials, increasing the phytoparasite
tolerance and plant growth [89]. Indole-3-acetic acid is a compound that enhances the plant
development by increasing the cell division, root elongation, and root hair development
through several metabolic pathways [90]. It is produced by several PGPR and has a variety
of benefits, including promoting the germination of seeds, seedling length, and dry matter.
Several studies indicate that moderate amounts of IAA are necessary for the development
of primary roots and that PGP activity is present in bacteria that can secrete amounts
of indole compounds higher than 13.5 g mL−1 [91]. The use of Ca3(PO4)2 is crucial to
produce phytohormones and, consequently, indirectly enhances plant growth [43]. Another
microbial mechanism of mineral phosphate solubilization in the rhizosphere involved
in the formation of low molecular weight organic acids, which chelate cations to bind
phosphates through their hydroxyl and carboxyl groups. ACC deaminase as a PGP trait is
useful for promoting the regulation of ethylene levels, thus protecting plants from stressful
conditions [92]. Several studies have confirmed that PGPR with ACC deaminase activity
stimulates plant growth and resilience toward a pathogens attack, with an important role
in biocontrol activity [93].

Future studies should further investigate the colonization abilities of the isolates, the
interactions with plants, and the suitability of these PGP strains for use as biostimulating
agents. The traits described suggest a potential application in agriculture. However, it
is mandatory to further study their N2-fixing abilities in association with different plant
species and in different pedoclimatic conditions. Moreover, to obtain successful bacteria-
based formulations, the transfer of knowledge from the laboratory to the field will be
crucial, addressing technical, regulatory, and marketing challenges [80].

5. Conclusions

To the best of our knowledge, we have described for the first time the microbiota
of Rubus ulmifolius. As soil-dwelling microbial communities and their interactions are
largely still unknown, research in this area is important in increasing our knowledge of
the environment. These studies could pave the way for new bacterial traits, genes, and
metabolites useful in sustainable biotechnologies. The presence of nodules and these
specific PGPR suggests a pedoclimatic-driven pressure, mainly represented by the soil type.
A nutrient deficiency and alkaline conditions promoted a beneficial bacterial recruitment
from plants, inducing nodule formation and rhizosphere microbiota shaping. Future
research may investigate the plant-diazotrophs association, nodule pigment, and nitrogen-
fixing gene expression. Future research should also examine the ability of isolates to
colonize new environments, their interactions with plants, and their eligibility for use
as biostimulating agents. In addition, transferring knowledge from the laboratory to the
field will be essential to create viable bacterial-based formulations and address technical,
regulatory, and commercial issues.
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