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Abstract: Research Highlights: Mycorrhizal helper bacteria (MHB) promote mycorrhization processes
and are commonly found in the mycorrhizosphere of fungi, such as the edible hypogeous fungus
Tuber melanosporum Vittad. Background and Objectives: The effectiveness of MHB in promoting the
mycorrhization process and the root development of Portuguese oak (Quercus faginea Lam.) seedlings
destined for truffle plantations has not been determined. The main aim of this study was to shed
light on the effect of bacterial inoculation on fungal root tip colonization and seedling root traits.
Material and methods: We performed a co-inoculation trial using three bacteria naturally present in the
T. melanosporum niche (i.e., Pseudomonas fluorescens, Pseudomonas putida, and Bacillus amyloliquefaciens)
and two different bacterial inoculation times (one month and nine months after fungal inoculation)
under glasshouse conditions. Results: Only P. fluorescens had a significant mycorrhizal promoter
effect, increasing the truffle inoculation rates of root tips by more than 10% compared with seedlings
that received non-bacterial inoculation treatments. Simultaneously, the co-inoculation of P. fluorescens
with T. melanosporum improved seedling root growth parameters compared with those of seedlings
that received non-bacterial inoculation treatments. The different bacterial inoculation times and
applications of uninoculated bacterial growth media did not affect the root traits analyzed or the root
mycorrhization rates. Conclusions: These results suggest that P. fluorescens bacteria have a potential
commercial application as a treatment for truffle-inoculated seedlings to improve both seedling
quality and mycorrhizal colonization under nursery conditions.

Keywords: black truffle; truffle colonization; edible fungi cultivation; truffle orchard; truffle trees;
hypogeous ectomycorrhizal fungi

1. Introduction

The hypogeous fruiting bodies of fungal species in the Tuber genus form ectomycorrhizal (ECM)
associations with angiosperms and gymnosperms worldwide [1]. Many Tuber species are suitable for
human consumption, including the highly prized black truffle (Tuber melanosporum Vittad.). Due to its
unique aroma and flavor, the black truffle is one of the world’s top culinary delicacies [2]. Therefore,
owing to its socioeconomic interest, the black truffle has been targeted as a high-value resource for
years, leading to a reduction in wild yields, mainly because of overexploitation, as well as land-use
changes and global warming [3,4]. Since the dramatic drop in wild black truffle harvests in the 20th
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century, production rates have been gradually compensating due to effective cultivation since the
1970s [5].

Truffle cultivation involves inoculating specific host-tree seedlings in the nursery with a truffle
inoculum, and then planting these seedlings in areas with suitable conditions for the development of
the fungus [6]. In the inoculation process, fungal spores need to make contact with the seedling’s fine
roots so that when the spores germinate, they form mycorrhizae with emerging root tips, establishing
symbiotic associations [7]. Consequently, the use of high truffle inoculation rates is recommended on
seedlings intended for planting, with the minimum percentage of 30% T. melanosporum mycorrhizal
root tips indicated as a prerequisite that slightly varies depending on the methodology used for
mycorrhizal seedling evaluation [8–10]. Different inoculation methods have been developed to increase
the mycorrhization rate of black truffle in seedlings, such as the use of soil from productive trees [11]
or the use of mycelial culture techniques [12]. However, mycorrhizal formation is not just a bipartite
interaction between the fungus and the plant, as other soil microorganisms are also present, such as
other fungi, including yeasts [13], molds [14], saprophytic fungi [15], and, most importantly, bacteria,
some of which are recognized as mycorrhizal helper bacteria (MHB) due to their capacity to facilitate
the formation of mycorrhiza by stimulating mycelial extension, incrementing the contact between
the fungus and the root tips of its associated symbiont and, simultaneously, by lowering the effect of
adverse environmental conditions [16].

MHB have been identified in several species in the Tuber genus, either isolated from ECM
root tips, such as in the case of T. aestivum [17] and T. borchii [18], or identified in the ascomata
biome of T. borchii [19], T. magnatum [20], and T. oregonense [21]. Different MHB, such as Bacillus
sp. (phylum Firmicutes) and Pseudomonas sp. (phylum Gammaproteobacteria), have been found
at different stages of the T. melanosporum life cycle, e.g., from mycorrhiza formation to sporocarp
development [14,22,23]. However, the influence of specific MHB during the early stages of root tip
colonization by T. melanosporum are still to be elucidated.

Among the few studies that have focused on the positive effects of MHB on T. melanosporum
root tip colonization, Domínguez et al. [24] showed that T. melanosporum colonization rates of Pinus
halepensis roots doubled when co-inoculated with Pseudomonas fluorescens. Similarly, Mamoun and
Olivier [25] analyzed the effect of P. fluorescens and P. putida on truffle mycorrhization rates of Corylus
avellana roots. Although after 6 months both bacteria were observed to have an antagonistic effect on
truffle mycorrhization rates, one year later truffle colonization rates were highest for those seedlings
co-inoculated with T. melanosporum and one specific strain of P. putida (isolate pu. 4-1). Surprisingly,
the positive co-inoculation effects of a bacterial and truffle inoculum in a host species belonging to
the Quercus genus have not been investigated to date, even though oaks are the most commonly used
truffle-inoculated trees, especially in Mediterranean areas [26].

The aims of this study were: (i) To obtain insights into whether co-inoculations of T. melanosporum
with different MHB influenced the fungal root tip colonization rate of Quercus faginea; (ii) to observe
the effect of bacterial inoculation on Q. faginea root development; and (iii) to perform an
inoculation time test to determine whether the bacterial application time influenced the outcomes.
Based on the satisfactory mycorrhizal colonization of P. halepensis and C. avellana roots reported
by Domínguez et al. [24] and Mamoun and Olivier [25], respectively, when T. melanosporum was
co-inoculated with Pseudomonas, we selected P. fluorescens and P. putida for co-inoculation with
T. melanosporum. A third bacteria, Bacillus amyloliquefaciens, was also selected because it is naturally
abundant in the mycorrhizosphere and surrounding bulk soil [23,27] and has also been described as
an MHB [28]. We expected that bacteria co-inoculation of seedlings would enhance the formation of
mycorrhizal root tips. Furthermore, given that the bacteria used here have also been reported to be plant
growth-promoting bacteria [24,29,30], we hypothesized that seedling root growth would be enhanced
when truffle-inoculated roots were co-inoculated with bacteria. In parallel, because the bacterial
community is very dynamic in soil [22,23], bacterial inoculations were performed one month and nine
months after T. melanosporum inoculation to determine whether the application time influenced the
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outcomes. Some previous studies have developed methods involving the simultaneous co-inoculation
of bacteria and fungi [24,31]; however, here, we avoided using a simultaneous inoculation method to
assess whether co-inoculation really promotes mycorrhizal formation after a symbiotic association has
already formed [32].

2. Materials and Methods

2.1. Experimental Design

The experiment followed a completely randomized design with two factors: (a) Bacterial
inoculation (seven levels) and (b) time of inoculation (two levels). The culture of bacteria requires
specific formulations of growth media. Hence, in order to discount the growth medium in which
bacteria were cultured as the cause of increased mycorrhizal formation or root growth rather than the
bacteria itself, we included one control per bacterial species in which only the growth medium was
applied to the seedling. Therefore, there were seven inoculation treatments: The three bacteria selected
for the experiment (P. fluorescens, P. putida, and B. amyloliquefaciens) in their respective growth medium,
the three growth media without bacteria, and a control treatment that was not inoculated with growth
media or bacteria. In addition, for each inoculation type, there were two bacterial inoculation times:
One month (T1) or nine months (T2) after T. melanosporum inoculation (Figure 1). Thus, an experimental
unit consisted of a single seedling that was inoculated with one of the following treatments (inoculum
type): (1) P. fluorescens (F), (2) P. putida (P), (3) B. amyloliquefaciens (B), (4) the P. fluorescens growth
medium (CF), (5) the P. putida growth medium (CP), (6) the B. amyloliquefaciens growth medium (CB),
each one only inoculated at inoculation time T1 or T2 and (7) a control seedling inoculated exclusively
with T. melanosporum (CS) with no bacterial inoculation at T1 or T2. A total of 260 seedlings were
used in the experiment (with 20 replicates of each treatment: FT1, FT2, PT1, PT2, BT1, BT2, CFT1,
CFT2, CPT1, CPT2, CBT1, CBT2, and CS). To avoid any possibility of cross contamination among
treatments, experimental seedlings were surrounded by eight standard seedlings in the nursery trays.
In July 2018 (13 months after truffle inoculation), 12 plants per treatment were randomly selected
to assess root colonization by ECM fungi as this usually corresponds with the minimum period of
mycorrhizal development at which truffle-inoculated seedlings grown for commercial sale are sold.
From these 12 plants, 5 were randomly selected for root trait assessment prior to the assessment of
ECM root colonization.
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Figure 1. Timeline of the bacteria and truffle co-inoculation experiment performed in a commercial
nursery (Vilanova de Meià, Lleida, Spain) between June 2017 and July 2018.
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2.2. Plant Material and Bacterial Inoculum

Portuguese oak seedlings (Q. faginea Lam.) grown under glasshouse conditions that had been
recently inoculated with T. melanosporum were supplied by a commercial nursery located in Vilanova
de Meià (Lleida, Spain, 41◦59′43” N 1◦01′22” E) in June 2017, where the trial was conducted as well.
Glasshouse temperatures ranged from 20–30 ◦C during the hottest months (July, August, and September
2017) to 5–10 ◦C in winter months (November, December 2017 and January, February 2018). A sprinkler
system running through the ceiling was used for watering the seedlings. Plants were located 1 m in
height above the ground in order to prevent root coiling. All the plants were from the same nursery lot
in order to use plants with homogeneous characteristics in terms of seed provenance, inoculum source,
date of inoculation, and seedling age (the plants were one year old at the date of inoculation) and to
reduce the likelihood that the genetic variability of the fungal inoculum or plant provenance could
influence the mycorrhization process [33]. We used Full-Pot ® containers and culture substrates with
vermiculite and a mixture of Sphagnum peat moss (black type), pH = 7, in a 3:1 ratio of peat/vermiculite
to obtain a porous and permeable substrate. No additional fertilization was added to the substrate.

P. fluorescens CECT 844, P. putida CECT 8043, and B. amyloliquefaciens CECT 5686 strains were
provided by CECT (Spanish Type Culture Collection, University of Valencia, Valencia, Spain). A different
standard nutrient medium was used for each bacterial species following the recommendations of
CECT: P. fluorescens was grown on a peptone-yeast medium (1 g of beef extract, 2 g of yeast extract, 5 g
of peptone, 5 g of NaCl, and 15 g of agar in 1 L of distilled water), P. putida was grown on trypticase
soy broth medium (17 g of tryptone, 3 g of soy peptone, 2.5 g of K2HPO4, and 5 g of NaCl in 1 L
of distilled water), and B. amyloliquefaciens was grown on agar medium (5 g of beef extract, 10 g of
peptone, 5 g of NaCl, and 15 g of agar in 1 L of distilled water). To prepare the final liquid inoculum
of bacteria, a single colony of each bacterium was incubated first in 100 mL of its respective liquid
medium for 16 h (140 rpm, 30 ◦C), and then diluted in 500 mL of fresh medium, and cultivated under
the same conditions for 18 h. Bacterial growth media used as controls (CF, CP, and CB) were prepared
simultaneously (at a final volume of 500 mL). The final inoculum was applied by injecting a dose of
10 mL/seedling into the substrate at the two bacterial inoculation times (July 2017 and February 2018,
corresponding to T1 and T2, respectively). The second bacterial inoculation time was chosen based on
when the presence of T. melanosporum root tips could be easily detected using binocular microscopy
(beginning of February), and was performed in the same way as the first bacterial inoculation (Figure 1).

In order to determine the final concentration of bacterial inoculum, immediately before the
inoculum was applied to seedlings, the final liquid inoculum was plated onto solid medium and
serial dilutions were performed to estimate the number of colony forming units (CFUs) after 24 h of
incubation. Final concentrations were estimated to be 1× 108 CFU/mL for P. fluorescens, 3 × 108 CFU/mL
for P. putida, and 5 × 108 CFU/mL for B. amyloliquefaciens.

2.3. Seedling Root Trait Analyses

Root traits assessment was performed by analyzing the image of the root system of every seedling
selected (five per treatment: in total 65 seedlings) using the software WinRHIZO® (Regent Instruments
Inc., Quebec City, QC, Canada), an image analysis system designed for automatic root measurements.

To scan the root system of every seedling selected, the roots were severed from the shoot at the
root collar and inserted into a Plexiglas tray filled with water. The lateral roots were separated from
each other and spaced out all over the tray so that roots were not overlapping during the scanning
process. The tray was placed on the surface of the scanner (Epson Perfection V700 Photo Scanner
system, Epson America, Inc., Long Beach, CA, USA) to capture an image of the root sample.

Root traits analyzed were total root length (calculated using a one pixel thinned image and
multiplying the number of pixels by pixel size), average root system diameter (calculated by dividing
the projected area of the imaged root by the total length), root surface area (calculated by determining
the root diameter and length), and root volume (calculated using the root surface area and length) [34].
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2.4. Estimation of T. melanosporum Colonization Rates

We estimated mycorrhizal colonization of selected seedlings (12 per treatment: 156 in total)
following the method developed by Fischer and Colinas [10]. In brief, the whole root system of a
plant was cut into small pieces (2 cm) and placed on a tray. In the bottom of the tray, we placed a
grid (1 cm × 1 cm squares, formed by four groups of the same number of squares, which were evenly
distributed, with a different color for each group) and the roots were evenly distributed across the
grid. The method consisted of selecting one color randomly and counting the T. melanosporum root
tips within this group under a stereo microscope (Leica WILD MZ8©). To characterize and identify
T. melanosporum mycorrhizae or other possible ECM species that might be present, we used Agerer’s
Colour Atlas of Ectomycorrhizae [35]. DNA extraction and amplification of the internal transcribed
spacer region was performed when a mycorrhiza could not be identified based on morphological
observations alone [2].

2.5. Statistical Analyses

Seedlings with less than 10% of their root tips mycorrhized with T. melanosporum were considered
culls and omitted from the analyses (in total, 12 out of 156 seedlings were omitted). Low-quality
images of seedlings due to root overlapping in the scanning process were omitted from root traits
analyses (in total, 8 seedlings were omitted). All statistical analyses were implemented in the R software
environment (version 3.6.1; R Development Core Team, 2019). Prior to any analyses, the T. melanosporum
mycorrhization rates were square root transformed to meet the homoscedasticity criteria. Afterwards,
ANOVAs were used to test the effect of bacteria, growth media, and the two inoculation times
on T. melanosporum inoculation rates and root traits. A preliminary ANOVA analysis showed that
inoculation time had no effect on mycorrhization rates; therefore, we decided to group together both
times for simplicity. When significant differences were found, pairwise comparisons were checked
using a post-hoc Tukey´s test.

3. Results

3.1. Effects of Bacteria and Inoculation Time on T. melanosporum Root Tip Colonization Rates

Identification of T. melanosporum mycorrhizae was performed successfully using the Agerer´s
Colour Atlas of Ectomycorrhizae [35]. Mycorrhiza from other non-target ectomycorrhizal species
(including here other fungi species belonging to the genera Tuber) were not identified. The bacterial
inoculation time did not appear to have any interactive effect on mycorrhization rates (F[1,129]value = 0.04,
p = 0.84); thus, we decided that mycorrhization data obtained for both bacterial inoculation times
(T1 and T2) for each type of inoculation treatment should be grouped together for further analysis
(Table 1). Analysis of the effect of individual bacteria on T. melanosporum root tip colonization rates
(Table 1) showed that colonization rates ranged from a minimum of 25.4% ± 2.7% of root tips colonized
by T. melanosporum, which was recorded for control seedlings (CS), to a maximum of 35.1%± 1.6% of root
tips colonized by T. melanosporum, which was recorded for seedlings inoculated with P. fluorescens (F).
Significant differences were found between the P. fluorescens treatment (F) and the uninoculated
control (CS) (p = 0.06, CI at 90%). However, the average T. melanosporum root tip colonization rate
of bacteria co-inoculated seedlings (i.e., F, P, and B treatments) was not significantly different to
that of seedlings inoculated with just the growth media (i.e., CF, CP, and CB treatments) (p = 0.66).
Overall, all bacteria-inoculated seedlings tended to have a greater proportion of truffle mycorrhizal
root tips compared with seedlings inoculated with just their respective growth media. An exception
was found for P. putida: seedlings co-inoculated with the P. putida growth medium (CP) or P. putida (P)
had a similar proportion of T. melanosporum-colonized root tips (32.9 ± 2.5 and 33.0 ± 2.0%, respectively)
(Table 1).
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Table 1. Mycorrhization rates of Quercus faginea root tips by Tuber melanosporum (% ± SE) after
co-inoculation with bacteria and truffle inocula in a commercial nursery (Vilanova de Meià, Lleida,
Spain) between June 2017 and July 2018. Average mycorrhization rates (% ± SE) of all seedlings for
each inoculation treatment (bacteria in a growth medium or the bacterial growth medium without
bacteria) are also shown. Different letters in the same column indicate significant differences between
the mean values of different treatments (p < 0.05).

Bacterial
Inoculation
Treatment

Bacteria/Growth Media
T. melanosporum
Mycorrhization

Rates (%)

Average Mycorrhization
Rates (%)/Inoculation

Treatment Type

Bacteria in growth
media

Pseudomonas fluorescens (F) 35.1 ± 1.6 a
33.4 ± 1.4 aPseudomonas putida (P) 32.9 ± 2.5 ab

Bacillus amyloliquefaciens (B) 32.2 ± 3.1 ab

Growth media
without bacteria

P. fluorescens growth medium (CF) 26.8 ± 1.8 b
29.6 ± 1.2 aP. putida growth medium (CP) 33.0 ± 2.0 ab

B. amyloliquefaciens growth
medium (CB) 29.1 ± 2.5 ab

No inoculation Control seedlings (CS) 25.4 ± 2.7 b

3.2. Bacteria and Inoculation Time Effects on Seedling Root Traits

The seedling root traits measured in the experiment were not affected by either the
bacterial inoculation time (average root system diameter: F[1,41]value < 0.00, p = 0.99;
root length: F[1,41]value = 0.52, p = 0.48; root surface area: F[1,41]value = 0.32, p = 0.58; root volume:
F[1,41]value = 0.12, p = 0.73) or the bacterial growth media. Therefore, root traits observed at both
inoculation times for each inoculation treatment were grouped together for analysis as previously
described for T. melanosporum mycorrhization rates.

Although the average root system diameter of seedlings inoculated with P. fluorescens tended to
be larger than those of seedlings that received other treatments, it was not significantly different to that
of seedlings that received the CS treatment (p = 0.66). However, the average root system diameter of
seedlings inoculated with P. fluorescens (F treatment) was significantly different to those that received
the CP treatment (163.37 ± 1.91 mm compared with 155.0 ± 1.71 mm, respectively) (p = 0.03) (Figure 2a).
Furthermore, the root length of P. fluorescens-inoculated seedlings was significantly greater than that of
seedlings that received the control (CS) treatment (p = 0.02) (26.2 ± 0.2 cm compared with 24.4 ± 0.2 cm,
respectively) and seedlings inoculated with P. fluorescens developed the longest roots (Figure 2b).

Root surface area measurements ranged from 1212.7 ± 9.5 cm2 for non-inoculated seedlings (CS)
to 1335.7 ± 20.0 cm2 for seedlings co-inoculated with P. fluorescens. The root surface area of seedlings
co-inoculated with P. fluorescens was significantly greater than that of the control seedlings (CS) and
seedlings co-inoculated with bacterial growth media (CP and CB; p < 0.01), except for the P. fluorescens
growth media (CF) treatment (p = 0.53). Furthermore, the root surface area of seedlings inoculated
with P. fluorescens was significantly greater than that of seedlings inoculated with B. amyloliquefaciens
(p = 0.03; Figure 2c).

The root volume measurements ranged from 4704.2 ± 106.2 cm3 for seedlings that received the
CP treatment to 5462.0 ± 144.3 cm3 for seedlings co-inoculated with P. fluorescens, a difference of more
than 10%. Furthermore, the root volume of seedlings inoculated with P. fluorescens was significantly
greater than that of seedlings that received the CP (p < 0.01) or CB treatments (p < 0.01; Figure 2d).
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Figure 2. Root traits of Quercus faginea seedlings in a commercial nursery (Vilanova de Meià, Lleida,
Spain) inoculated with Tuber melanosporum and then co-inoculated with either bacteria in growth media
or growth media without bacteria between June 2017 and July 2018. (a) Average root system diameter
(mm), (b) root length (cm), (c) surface area (cm2), (d) root volume (cm3) evaluated under the different
treatments: Pseudomonas fluorescens in growth medium (F), Pseudomonas putida in growth medium (P),
Bacillus amyloliquefaciens in growth medium (B), P. fluorescens growth medium control (CF), P. putida
growth medium control (CP), B. amyloliquefaciens growth medium control (CB), and control seedlings
(CS) that were not inoculated with bacteria or a bacterial growth medium. p-values (** p < 0.01 and
* p < 0.05) are indicated above boxplots to indicate specific treatments that resulted in significantly
lower root trait values than that of seedlings that were co-inoculated with P. fluorescens (F).

4. Discussion

Our results revealed that among the three bacterial strains (i.e., P. fluorescens CECT 844, P. putida
CECT 8043, and B. amyloliquefaciens CECT 5686) assessed in the present trial, P. fluorescens promoted
both T. melanosporum mycorrhizal development and Q. faginea seedling root development the most
effectively. Overall, all seedlings co-inoculated with bacteria tended to have better mycorrhization
rates than those that were only inoculated with T. melanosporum (control, CS); however, only seedlings
co-inoculated with P. fluorescens showed significantly greater colonization rates than the control
seedlings. P. fluorescens also showed a slight root growth-promoting effect, resulting in significantly
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higher average values for the total root system length and root surface area compared with CS seedlings.
Root system diameter and root volume average values tended to be higher at P. fluorescens-inoculated
seedlings; however, these values were not significantly different to those obtained for the control
treatment. Bacteria inoculation time did not affect root tip colonization rates by T. melanosporum or the
seedling root traits that were analyzed. Finally, we also demonstrated that the bacterial growth media
used to culture the bacteria did not promote root growth or black truffle mycorrhizal development.

We included B. amyloliquefaciens in the co-inoculation experiment because of its co-occurrence
in natural habitats at the T. melanosporum–root interface [14,22,23]. However, our results showed
that co-inoculating B. amyloliquefaciens did not influence either seedling mycorrhization rates or
seedling root development, at least not at this mycorrhizal establishment phase. However, as shown
in previous studies of other ECM species, such a co-existence might not indicate a functional
interaction between organisms. For instance, Oh and Lim [36] isolated different bacteria in a Tricholoma
matsutake environment (i.e., within the ‘fairy rings’ formed by T. matsutake), finding that among all the
bacteria isolated from fairy rings, only a Paenibacillus bacteria improved the proliferation of the ECM
(under culture conditions). In the case of truffles, Gryndler et al. [37] observed that bacteria (among other
organic and inorganic compounds tested) previously isolated from ECM root tips of T. aestivum [17]
had no effect on the mycorrhizal growth of T. aestivum mycelium under culture conditions.

In the same way, we observed that P. putida did not promote mycorrhizal development or root
growth, at least the specific strain used for inoculation in the present trial (P. putida CECT 8043).
These results are contrary to those reported by Mamoun and Olivier [25], in which the highest
colonization rates for T. melanosporum were observed after a year of co-inoculation with one specific
strain of P. putida among the different strains belonging to P. putida and P. fluorescens tested in their
greenhouse experiment. In the trial performed by Mamoun and Olivier [25], the soil substrate used
for seedling cultivation and the bacteria used for seedling inoculation were also obtained/isolated
from an adjacent experimental truffle orchard (INRA, Dordogne, France) from the same tree species
used for the inoculation experiment, i.e., Corylus avellana. Some isolates of Pseudomonas appeared to be
more efficient than others as only seedlings inoculated with one particular strain of P. putida showed
higher mycorrhization rates than seedlings inoculated with the rest of the isolated bacteria and the
control seedlings.

Therefore, we hypothesize that the fungus selects a specific bacterium among all the bacteria
present in its microbiome [23,38] that is potentially beneficial for a certain function during its lifecycle.
Frey-Klett et al. [39] observed that P. fluorescens strains isolated from the mycosphere of Laccaria
bicolor had a phosphate-solubilizing function unlike strains isolated from bulk soil, as well as a lower
intraspecific diversity in the mycosphere compartment than in the bulk soil, suggesting that the bacterial
community (of different P. fluorescens strains) is the result of selection by the ECM fungus according
to fungal-plant necessities. Antony-Babu et al. [22] detected lower levels of bacterial diversity in
T. melanosporum sporocarps than in the bulk soil. Bacterial communities in sporocarps were dominated
by the genus Bradyrhizobium; however, in the bulk soil, Bradyrhizobium represented less than 1% of the
bacteria detected. Antony-Babu et al. [22] hypothesized a selection process for this specific bacterium
from the ectomycorrhizosphere, which is beneficial to sporocarp formation. Bradyrhizobium may have a
similar effect on different truffle species because it has also been reported in sporocarps of T. borchii [19]
and T. magnatum [20]. Moreover, Deveau et al. [23] detected a stable bacterial community composition
associated with ectomycorrhizal root tips over five consecutive months, which may be due to the
selection of specific bacteria implicated in the mycorrhization process. Therefore, we believe that
even though P. putida and B. amyloliquefaciens have been reported to co-occur with T. melanosporum,
their presence does not seem to be as a result of a fungal-bacterial interaction.

In the 1980s, strains belonging to the Pseudomonas genus were also reported to be plant
growth-promoting rhizobacteria [40]. Since then, numerous studies, mostly of agricultural crops,
have demonstrated that particular strains of Pseudomonas are beneficial for plant growth [29,41]. In the
case of ECM fungi, the root growth-promoting effect of Pseudomonas strains in combination with
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Laccaria bicolor has been observed after the addition of the ECM-bacterial complex to its host tree partner
Populus deltoides: An increase in lateral root formation compared with seedlings growing under axenic
conditions was observed [42]. Rincón et al. [43] reported that the co-inoculation of Pinus halepensis with
Suillus granulatus and P. fluorescens led to an increase in the seedling tap-root length and in the number
of lateral roots; however, this did not occur when these microorganisms were inoculated separately.
Domínguez et al. [24] reported similar results for the P. halepensis root system when T. melanosporum
was co-inoculated with P. fluorescens, which led to an improvement in the growth of almost all root
parameters. Indeed, the phosphate-solubilizing function, together with indole-3 acetic acid production,
are among the plant growth-promoting traits described for P. fluorescens [30]. Our results agree with
the findings of these previous studies given that co-inoculation of T. melanosporum with P. fluorescens
significantly increased the root length and root surface area relative to those of non-inoculated seedlings.

Furthermore, even though bacterial growth media inoculations were a source of nutrients and
could positively affect seedling roots as a fertilizer, promoting plant growth and/or mycorrhization
rates, we did not observe any differences in the mycorrhization rates or root seedling traits when
bacterial growth media were added to the seedling substrate compared with that of control seedlings.
To the best of our knowledge, none of the T. melanosporum and bacteria co-inoculation trials performed
to date have assessed the possible effects of bacterial growth media on either fungal colonization or
root development [24,25,31].

5. Conclusions

At present, although high-throughput databases of soil bacteria are growing along with more
information about different microorganisms associated with fungal life stages, knowledge about
mycorrhizosphere biological interactions is still sparse [16]. We believe that understanding mechanisms
derived from the bacterial–fungal association that are involved in enhancing mycorrhization is
essential for the exploitation of these symbioses to improve the quality of truffle-inoculated seedlings.
However, it is crucial that future research studies combine species community assessments of
bacterial-fungal associations with bacterial culture-based methods, which are essential to observe MHB
effects on fungi [38]. These methods consist of isolating a bacterium directly from a specific compartment
of the target fungus (e.g., the surrounding bulk soil, ectomycorrhizal root tips, or sporocarps),
cultivating it, and then inoculating non-colonized seedlings with the isolated bacterium and the target
fungus [30,36,37]. Moreover, inoculation trials considering other bacterial strains or co-inoculation
with more than one bacterium at the same time should be tested. Furthermore, studies to investigate
how repeated applications of bacterial inoculations as well as different bacterial inoculation doses could
promote fungal mycorrhization are needed. Given that P. fluorescens is a biological, non-contaminant,
and economical way of improving mycorrhization rates and plant quality at early developmental
stages, our findings in the present study suggest that the co-inoculation of T. melanosporum-inoculated
Q. faginea seedlings with P. fluorescens could have potential application in commercial nurseries.
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