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Abstract
Aims Phosphate chemical fertilizers are costly and raise
concerns about environmental pollution through indus-
trial production. The use of phosphate rock (PRs)
emerges as a more sustainable alternative for agricul-
ture. The aim of this work was to isolate phosphate rock-
so lub i l i z i ng bac t e r i a (PRSB) f rom ma ize
mycorrhizosphere, having growth promoting traits and

that will be arbuscular mycorrhizae fungi (AMF)
compatible.
Methods Bac t e r i a we r e i so l a t ed f rom the
mycorrhizosphere of maize and tested for rock phos-
phate solubilization, production of organic acids, phos-
phatases and phytase activities, and growth promotion
traits. The capacity of some strains to enhance the dry
weight of maize plants was determined in a growth
chamber experiment. The compatibility of the selected
strains with Rhizophagus irregularis under in vitro con-
ditions was also tested.
Results Out of 118 isolates from maize, eight belonging
to Asaia lannaensis, Rahnella sp., Pantoea sp., and
Pseudomonas sp. were found to be the best PRSB. On
solid media, all strains mobilized P from tricalcium
phosphate, hydroxyapatite, and PRs. A. lannaensis was
the only PRSB showing visible solubilization of AlPO4

and FePO4. All the PRSBs solubilized PR by producing
D-gluconic acid and 2-ketogluconic acid and by lower-
ing the pH. Most strains presented IAA and siderophore
production and different biofilm formation and motility
capacities. All strains improved the dry weight of maize
seedlings compared with non-inoculated plants. The
results proved that PRSBs were able to grow on
R. irregularis hyphae as the sole in vitro C source.
Conclusions Bacteria isolated from the mycorr
hizosphere of maize shows effective solubilization of
phosphorus from PR with different reactivity levels. The
traits of these bacteria as growth promoters and their
biocompatibility with AMF show their potential as inoc-
ulants. Improvement of the agronomic effectiveness of
PRs is relevant for developing countries that use PRs
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directly as P-fertilizers (less expensive than soluble P-
fertilizers) for sustainable agriculture.

Keywords Maize .Rhizophagus irregularis . Plant
growth promotion . PR reactivity

Introduction

Phosphorus (P) is an essential nutrient required for plant
growth and development. However, a large proportion
of the P present in soil is unavailable to plants. In
calcareous soils, the presence of Ca+2 increases P pre-
cipitation (Tunesi et al. 1999) and in acid soils, Al- and
Fe-oxides are responsible for P fixation (Anderson et al.
1974). Thus, large quantities of expensive P-fertilizers
are used to compensate for the limited availability of P;
however, this practice is not recommended due to the
potential environmental problems generated by runoff
and erosion causing eutrophication (Sharpley et al.
1994).

Direct application of phosphate rock (PR) can replace
more expensive water-soluble P-fertilizers, especially in
developing countries or in organic agriculture. In acid
soils, PRs presented similar agronomic effectiveness as
triple superphosphate for canola when used at high rates
(Smalberger et al. 2010). Even so, the low solubility in
water of PRs is one of the main factors influencing their
agronomic effectiveness (Chien and Menon 1995;
Rajan et al. 1996). Plants can influence PR solubiliza-
tion by the secretion of protons, Ca-uptake, production
of chelating organic acids, or depletion of P in soil
solution (Rajan et al. 1996). However, it can take a
few years of annual application before PRs reach the
level of growth enhancement observed with superphos-
phate (Garth 1984).

Certain soil microorganisms can help plants acquire
P through different mechanisms, such as increasing root
growth by hormonal stimulation (i.e., root growth,
branching, or root hair development), altering the soil
P sorption equilibrium, and solubilizing and mineraliz-
ing P from less available organic and inorganic forms
(Richardson and Simpson 2011). It has been observed
that plant inoculation with P-solubilizing microorgan-
isms (PSMs) enhances plant growth by increasing the
availability of already accumulated phosphates in the
soil or by mobilizing P from low-grade PR (Hameeda
et al. 2008). Among fungi, Penicillium rugulosum
(Reyes et al. 2001), P. bilaiae (Wakelin et al. 2004),

P. citrinum, Aspergillus awamori (Mittal et al. 2008) and
A. niger (Vassilev et al. 1997) are recognized
solubilizers of different sources of P. Besides fungi,
certain rhizobacteria like Burkholderia cepacia (Nahas
1996), Serratia marcescens (Mamta et al. 2010), and
Rhizobium and Bradyrhizobium strains (Halder et al.
1990) can mobilize P from low solubility P sources.
However, Collavino et al. (2010) mentioned that to
select a bacterium to be used as a P-solubilizing bacteria
(PSB) inoculum, it is important to consider not only its
P-solubilizing capacity but also its ability to promote
plant growth and its compatibility with AMF.

Arbuscular mycorrhizae fungi (AMF) are also well
known to improve plant growth and P nutrition (Roy-
Bolduc and Hijri 2010). Root colonization by AMF
increases root surface area, improving plant nutrient
acquisition, soil structure, and plant protection against
environmental stresses (Barea et al. 2002a). The AMF is
a key part of the soil microbial community, directly
influencing water and nutrient uptake, such as P. Fur-
thermore, AMF absorbs P from the soil solution but are
unable to extract P by themselves from PR; however,
when associated with PR-solubilizing bacteria, AMF
can translocate the P from PR into their host plant
(Taktek et al. 2015). The AMF symbiosis also changes
the chemical characteristics of the plant root exudates,
modifying the microbial communities associated in the
rhizosphere (Bansal and Mukerji 1994; Barea et al.
2002a; Jones et al. 2004). The zone of influence of
mycorrhizae in the rhizosphere is known as the
mycorrhizosphere (Oswald and Ferchau 1968), and the
morphological and physical changes generated by the
AMF symbiosis association with the roots (which mod-
ify the surrounding soil conditions and impact the mi-
crobial community) is known as the mycorrhizosphere
effect (Linderman 1988; Bansal and Mukerji 1994;
Mansfeld-Giese et al. 2002). AMF symbiosis modifies
the bacterial community not necessarily in numbers, but
in species composition, probably because of the changes
generated in the root and hyphal exudation through
AMF symbiosis (Andrade et al. 1997). Among the
microorganisms present in the mycorrhizosphere,
AMF interacts with plant pathogens, deleterious rhizo-
sphere microorganisms, and microorganisms beneficial
for the plant (Barea et al. 2002a). The interaction be-
tween AMF and plant-growth-promoting rhizobacteria
(PGPR) is of special importance, as certain PGPR, such
as the mycorrhiza helper bacteria (MHB), are known
also to affect the symbiosis of roots and AMF positively.
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Some P-solubilizing rhizobacteria, such as Bacillus
subtilis and Enterobacter sp. (Toro et al. 1997), have
been recognized as MHB. AMF symbiosis enhances the
bioavailability of N and P by association with N-fixing
and P-solubilizing rhizobacteria (Barea et al. 2002a). In
this work we hypothesize that bacteria with good P-
mobilization from low soluble P sources can be isolated
from the mycorrhizosphere, and can be potentially used
as inoculants for plant growth while being compatible
with AMF. Thus, the objectives of this work were: (a)
the isolation of biofilm-forming PR-solubilizing bacte-
ria from the mycorrhizosphere of maize, harboring
PGPR-associated traits, (b) to determine the capacity
of the selected isolates to mobilize P from low-grade P
rock minerals with different reactivities, and (c) to de-
fine the biocompatibility between the isolated bacteria
and mycorrhizae under in vitro conditions.

Materials and methods

Sampling and isolation of phosphate rock solubilizing
bacteria (PRSB)

Maize plants (16 plants per site) were sampled randomly
from two areas in Quebec, Canada: three organic milk
farms in the region of Sainte-Élisabeth-de-Warwick
(45°55′00” N/ 72°05′00” W), and an experimental
maize farm in St-Lambert (LÍRDA in Chaudière-
Appalaches, www.irda.qc.ca). Plants were carefully
excavated, the roots were separated from the aerial
parts, and the bulk soil was collected by vigorously
shaking the roots (Wollum 1994). A composite bulk soil
sample from each field was used for chemical analysis.
Samples of root segments were also cleaned and stained
(Phillips and Hayman 1970) and the percentage of col-
onization by arbuscular mycorrhizae fungi (AMF) was
determined as described by Giovanetti andMosse (1980
). Roots with attached mycorrhizosphere soil were
placed in sterile Whirl-Pack bags and put on ice until
processed in the laboratory. PRSB were isolated by
gently mixing 10 g of mycorrhizal fresh root segments
or soil loosened from the mycorrhizosphere in 90 mL of
sterile saline solution (NaCl, 0.85% [wt/vol]),
performing ten-fold serial dilutions, and plating on
NBRIP (National Botanical Institute’s phosphate
growth medium) medium (Nautiyal 1999) supplement-
ed with 50 μg mL−1 of cycloheximide to inhibit fungal

growth and containing 5 g L−1 of a low-reactive Moroc-
can phosphate rock (PR) (0:13:0) as the sole source of P.

Only bacteria isolated from mycorrhizal roots were
retained. Those solubilizing PR, as indicated by the
presence of a clarification halo, were sub-cultured at
least 10 times on a double-layer NBRIP hydroxyapatite
(Hxa) medium (NBRIP-Hxa). This medium was pre-
pared by first pouring 10 mL of NBRIP agar without P
in a 9-cm diameter Petri dish. Once solidified, a second
10-mL layer of NBRIP agar containing 5 g L−1 hy-
droxyapatite (Sigma) was added. This double-layer me-
dium reduced the time of incubation and improved the
visual evaluation of the solubilization halo. To select the
best PRSB, selected isolates were tested using double-
layer NBRIP media containing different sources of low
solubility phosphates: 3-mM AlPO4, 3-mM FePO4,
5 g L−1 of TCP (Tricalcium phosphate); 5 g L−1 of
hydroxyapatite; or three commercial direct use PRs:
Morocco, Tunisian Gafsa and Malian Tilemsi with
N:P:K values of 0:13:0, 0:28:0, and 0:30:0, respectively.
The PRs were washed twice with hot tap water, dried at
60 °C and ground to pass through 0.130- to 0.159-mm
openings prior to use (Reyes et al. 2001). Isolates with
Z > 1 were investigated further. The parameter Z is
defined as the ratio of the diameter of the solubilization
halo to that of the colony after 5 days of incubation. All
isolated bacteria were individually cultured in TSA 10%
(wt./vol.) 24 h at 28 °C to characterize the colonial
morphology.

Soil and PR chemical analyses

Soil-available elements were extracted by the Mehlich
III procedure (Mehlich 1984) and P was determined by
the vanado-molybdate method (Tandon et al. 1968).
Other elements—K, Ca, Mg, and Al—were quantified
by atomic absorption spectrophotometry. Organic mat-
ter was calculated by weight loss after calcination at
550 °C, and pHwas measured in water (1:1 by volume).
All PRs were analyzed as described by Reyes et al.
(2001). Briefly, PRs were ground to <100 mesh
(<150 μm), digested in HNO3/HClO4, and the total P,
K, Ca, Mg, Na, Fe, Al, Cu, Mn, Zn, and Si were
analyzed as described for soils. PR reactivity was deter-
mined by adding 1 g of PR to 100 mL of 2% (wt/vol)
citric or 2% (wt/vol) formic acid (Bolland and Gilkes
1997). After extraction for 1 h at 23 °C, the suspension
was centrifuged and filtered, and P concentration in the
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supernatant was measured according to Tandon et al.
(1968).

PRSB identification

Genomic DNAs were prepared using standard methods.
The selected bacteria were grown in 100-mL Erlenmey-
er flasks containing 50 mL of Tryptic Soy Broth (TSB,
Difco). Flasks were incubated overnight at 28 °C on a
rotary shaker (150 rpm). Cells were harvested by cen-
trifugation (10,000 g, 10 min at 4 °C) and washed twice
by centrifugation in saline. Washed cells were frozen in
liquid nitrogen, lyophilized for 24 h, and resuspended in
1 mL of CTAB (2% hexadecyltrimethylammonium bro-
mide, Sigma, 1.4-MNaCl, 0.2% 2-mercaptoethanol, 20-
mM EDTA, 100-mM Tris-HCl pH 8.0). DNA was ex-
tracted using the FastDNA SPIN Kit (MP Biomedicals)
and FastPrep Instruments (MP Biomedicals). Following
extraction, the DNA was re-suspended in TE (10-mM
Tris-HCl, 1-mM EDTA, pH 7.4), quantified using the
spectrophotometer NanoDrop, and diluted in TE to give
a concentration of 50 ng μL−1. Genomic DNA (1 μL)
was amplified in a 50-μL reaction using the PerfectTaq
DNA Polymerase kit (5 Prime, Hamburg Germany; Ref.
No.2200070). The selected primers were rP2
ACGGCTACCTTGTTACGACTT and fD1
AGAGTTTGATCCTGGCTCAG (Invitrogene)
(Weisburg et al. 1991). PCR conditions consisted of an
initial denaturation step of 95 °C (3 min) followed by
30 cycles of: 95 °C (30 s), 46 °C (30 s), and 72 °C
(2 min), plus a final 10-min chain elongation cycle
(72 °C). All amplifications were performed in a DNA
Engine Opticon (MJ Research Incorporated). The sizes
of the PCR products were determined in 1% (wt/vol)
Agarose TBE (Tris-Borate-EDTA, pH 8.3) 0.5 x gel
using a Mass Ruler DNA Ladder from 15 to 0.1 Kb
(BioLabs, New England). All PCR products had the
expected size of 1600 bp, so they were used for purifi-
cation and sequencing. PCR for sequencing was con-
ducted using Big Dye terminators, and the sequence was
determined by capillary electrophoresis using the Ap-
plied BioSystems platform and the ABI 3730xl Data
Analyzer. The sequences were edited and compared
with 16S sequences of the GenBank using the algorithm
BLASTN-NCBI to find the homologous sequences. For
purposes of verification, and to obtain the percentage of
similarity, all the 16S sequences were compared by
EzBioCloud® (www.ezbiocloud.net).

PRSB inoculum preparation

Each bacterium was cultured in 250-mL Erlenmeyer
flasks containing 100 mL Tryptic Soy Broth (TSB,
10% [wt/vol]; Difco). Flasks were incubated overnight
at 28 °C on a rotary shaker (150 rpm). Cells were
harvested andwashed twice in saline after centrifugation
(10,000 g) for 15 min at 4 °C. The OD600nm of the
bacterial suspension (BS) was adjusted to 0.4, which
corresponds approximately to 1 × 108 CFU (colony
forming units) mL−1.

Solubilization of different PRs by the selected PRSB

To compare the ability of the selected bacterial isolates
to solubilize different PRs on the NBRIP medium, the
three previously mentioned PRs were used as the sole
source of P (each PR with a concentration of 5 g L−1),
initial pH ofmediumwas adjusted to 7.0 with 1 NKOH.
Twenty-five milliliters of medium were inoculated with
100 μL of PRSB inoculum in 50-mL Erlenmeyer flasks.
The flasks were incubated on a rotary shaker at 150 rpm
and 28 °C for 5 days. Aliquot samples (5 mL) were then
centrifuged (10,000 g for 10 min) and filtered through a
0.22 μm Millipore filter, and the supernatant was used
for the determination of soluble P and pH. Soluble P was
measured by the method described by Fiske and
Subbarow (1925), adapted to microplates as follows.
Briefly, 100 μL of supernatant was mixed with
100 μL of 5.5% (wt/vol) trichloroacetic acid (Sigma).
After 10 min incubation, 100 μL of color reagent was
added. This reagent was prepared daily by mixing
40 mL of 1.5% (wt/vol) ammonium molybdate in
5.5% (vol/vol) sulfuric acid solution and 10 mL of
2.7% (wt/vol) ferrous sulfate in distilled water (Bae
et al. 1999). The phosphomolybdate produced was mea-
sured spectrophotometrically at OD700nm in a
Biochrome Asys UVM340 microplate reader. A stan-
dard curve of P from 0.6 to 40mgL−1 was preparedwith
KH2PO4.

Since PR interfered with the Bradford reagents
(Bradford 1976), the Lowry protein assay was used to
determine the total cell protein content as a means for
monitoring bacterial growth. Briefly, cells from a 1-mL
culture were harvested by centrifugation (10,000 g,
10 min at 4 °C), washed twice with saline and lysed
by digestion by resuspending the cell bottom in 500 μL
of 1-N NaOH for 10 min at 90 °C. The protein solution
was neutralized by adding 500 μL of 1-N HCl. Protein
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determination in a microtiter plate was performed as
described by Fryer et al. (1986). Bovine SerumAlbumin
(BSA, Sigma-Aldrich) solution (1 mg mL−1), treated as
described above for the samples, was used to produce a
standard curve giving concentrations of the total protein
ranging from 1 to 16.5 mg mL−1. The remaining super-
natant from the bacterial cultures was used to measure
organic acids (OAs). OAs were separated on a Waters
HPLC system (Pump Model 996) (Waters Limited,
Mississauga, Ontario, Canada) using a 300 × 7.8 mm
5-μm ICSep ICE-ION-300 column maintained at 40 °C
in a column oven, with an isocratic solvent (8.5 μM
H2SO4) at a flow of 0.4 ml/min. OAs were detected by a
photodiode array detector (Waters, Model 600) at
210 nm. The identification of individual OAs peaks
was performed by comparing retention times with stan-
dards (Sigma-Aldrich, Mississauga, Ontario, Canada).

Phosphatase and phytase production

To measure phosphatases activities, 50-mL Erlenmeyer
flasks containing 25 mL TSB received 1 mL of PRSB
inoculum, and were incubated for 120 h at 28 °C on a
rotary shaker (150 rpm). TSB was used to ensure
obtaining enough biomass from all strains. Bacterial
cells from 2-mL aliquots were harvested and washed
twice in saline by centrifugation at 10,000 g for 20 min.
Then cells were resuspended in 500 μL Tris-buffer
(pH 7.0) and sonicated (VibraCell) on ice during cycles
of 2 s sonication and 15 s rest. The supernatant of
sonicated cells containing phosphatases was recovered
by centrifugation (10,000 g, 5 min at 4 °C) and used to
determine enzymatic activities. Alkaline and acidic
phosphatases were determined in 96-well microplates.
Briefly, each plate well received 50 μL of enzyme
extract and 50 μL of substrate solution for acidic
( 0 . 0 5 -M c i t r a t e b u f f e r w i t h 5 . 5 mM o f
nitrophenylphosphate at pH 4.8) or alkaline (0.05-M
glycine buffer with 0.01%, [wt/vol] MgCl2.6H2O and
5.5 mM of nitrophenylphosphate at pH 10.5) phospha-
tase. Microplates were incubated for 10 min at 37 °C on
a rotary shaker (60 rpm). Reactions were stopped by
adding 200 μL of stop solution (0.5 N NaOH), giving a
total reaction volume of 300 μL. The amount of p-
nitrophenol released by the phosphatases was quantified
by reading the absorbance using a Microtiter Reader at
405 nm. As a standard, 300 μL of 0.05-μmol/mL p-
nitrophenol were added to the plate. A blank (50 μL of
buffer instead of enzyme) was run in parallel to account

for any possible spontaneous hydrolyzation of 4-
nitrophenyl phosphate during incubation. Two commer-
cial enzymes were used as positive controls: acid phos-
phatase from potato and alkaline phosphatase from rice
(Sigma). For determining specific activities, the total
soluble protein in cell extracts was measured by the
Bradford (1976) method adapted to microplates.

Phytase activity was determined by culturing bacteria
in NBRIP (pH 7.0) basal medium supplemented with
one of the following organic P sources: 5 g L−1 wheat
bran (NBRIP-wb) or 3-mM phytic acid (NBRIP-phy).
50-mL Erlenmeyer flasks containing 25 mL of NBRIP-
wb or NBRIP-phy received 1 mL of inoculum and were
incubated on a rotary shaker (150 rpm) at 28 °C. After
19 h incubation, the supernatant was used to measure
phytase activity. Phytase activity was determined ac-
cording to Engelen et al. (1994) method and adapted
by Farhat et al. (2008), but modified by incubating the
reaction at 40 °C.

Plant-growth-promoting characteristics of the PRSB
and their effect on maize seedlings

Production of indoleacetic acid (IAA) and related
compounds

50-mL Erlenmeyer flasks containing 25 mL of TSB 50%
(wt/vol) supplemented with 200 μg/mL L-Tryptophan
(Sigma-Aldrich) received 100 μl of PRSB inoculum.
The resulting cultures were incubated for 4 days at
28 °C on a rotary shaker (150 rpm). Cells from 2-mL
culture were separated by centrifugation (10,000 g,
10 min, 4 °C), and the concentration of IAA-related
compounds in the supernatant was determined in 96-
well microtiter plates using Salkowsky’s reagent
(Glickmann and Dessaux 1995). A standard curve was
prepared in TSB 50% containing 0.78–50 μg mL−1 of
IAA (Sigma-Aldrich). The Bradford (1976) method was
used to measure the cell protein content. The production
of IAA was confirmed by thin-layer chromatography
(TLC) as described by Gravel et al. (2007).

Siderophore production in solid and liquid media

For the determination of siderophore production in solid
media, all the strains were first grown in 10% Tryptic
soy agar (TSA) for 48 h at 28 °C. With sterile tooth-
picks, three CAS-Agar plates (Schwyn and Neilands
1987) were inoculated with each strain and incubated
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–4 to 5 days at 28 °C. Positive siderophore production
was indicated by a change of the medium color from
blue to yellow. Siderophore production in liquid media
was determined spectrophotometrically as previously
described (Charest et al. 2005). Triplicate 50-mL Erlen-
meyer flasks containing 25 mL of AT minimal medium
free of Fe received 100μL inoculum andwere placed on
a rotary shaker (150 rpm) for 4 days at 28 °C. Cells were
then harvested by centrifugation (10,000 g, 15 min,
4 °C), 100-μL samples of supernatant were placed in a
96-well microtiter plate, and siderophores were deter-
mined by adding 200 μL of the CAS solution (Schwyn
and Neilands 1987). The plates were incubated for 4 h at
room temperature. Absorbance (ABS) was measured at
OD630nm and the % of siderophore units was determined
according to the following formula:

%of siderophore units

¼ ABS in AT medium−ABS sampleð Þ=ABS AT medium½ �:

Production of hydrogen cyanide (HCN)

The determination of hydrogen cyanide was performed
as described by Lorck (1948). Briefly, all the strains
were first cultivated in 10% TSA for 48 h at 28 °C.
Three nutrient broth (NB, Difco) agar plates supple-
mented with 4.4 g L−1 of glycine (Sigma-Aldrich) per
strain were inoculated using sterile toothpicks and incu-
bated for 24 h at 28 °C. After colonies developed, sterile
Whatman No.4 filter papers were placed on the lids of
the Petri dishes and 1mL of 0.5% (vol/vol) picric acid in
water was used to soak the filter paper. The plates were
sealed with Parafilm and left to develop at 28 °C for
3 days. A change of color from yellow to red-orange
indicated positive HCN production.

Biofilm formation on abiotic surfaces

Biofilm formation by PRSB was assessed as described
by Naves et al. (2008) with the following modifications:
For each strain, 10 μL of PRSB inoculum was added to
a well containing 200 μL of TSB 50% in a 96-well cell
culture cluster (flat bottom, tissue culture treated,
nonpyrogenic, polystyrene Corning Costar). The plate
was incubated overnight at 28 °C without agitation.
Bacterial growth was then appraised by measuring the
OD620nm with a microtiter plate reader, and 50 μL of a

crystal violet solution (0.3% [wt/vol], Difco BD) was
added to each well and left for 15 min to allow for
staining of the adhering cells. Excess stain was elimi-
nated by rinsing the wells four times with tap water.
Plates were air dried for 4 h before extraction of the
crystal violet from cells with 200 μL of 95% (vol/vol)
ethanol. Cell destaining was performed overnight by
shaking on a rotary shaker at 60 rpm (Barahona et al.
2010). Then, the OD540 nm was determined in a micro-
titer plate reader and biofilm formation was estimated by
applying the following formula, described by Naves
et al. (2008):

SBF specific biofilm formation indexð Þ ¼ AB−CWð Þ=Gð Þ
AB is the OD540nmof stained attached bacteria;
CW is the OD540nmof stained control wells containing bacteria

−free medium only; and
G is the OD620nmof cell growth in suspended culture:

Swimming motility

The swimming motility of the PRSB was evaluated as
described by Barahona et al. (2010). Briefly, the strains
were inoculated with sterile toothpicks just below the
surface of a Petri dish containing TSB (Difco) medium
supplemented with 0.3% BactoAgar (3 g L−1 agar). The
plates were incubated 18 h at 28 °C and the radial
growth was measured (colony diameter in mm).

Effect of PRSB on maize seedling growth

Maize (Zea mays L. cv SENECA Horizon) seeds were
surface disinfected by soaking for 1 min in 70% ethanol
and 5 min in commercial sodium hypochlorite (5.25%),
followed by five rinses in sterile distilled water. Seeds
were allowed to germinate in 9-cm Petri dishes contain-
ing water agar (15 g L−1), in the dark for 48 h at 26 °C.
For this experiment, the best PR-solubilizing bacterium
from each bacterial species was used: Asaia lannaensis
Vb1, Pseudomonas sp. Vr14, Rahnella sp. Sr24, and
Pantoea sp. Vr25. Uniformly germinated seeds were
incubated at room temperature for 1 h in 50-mL Falcon
tubes containing 20 mL of PRSB inoculum prepared as
described earlier, with gentle agitation (60 rpm). Three
inoculated seeds were planted in each sterile growth
pouch containing 10 mL of a sterile complete
Hoagland’s solution. Ten growth pouches were placed
vertically in metal racks, and for each treatment three
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metal racks were used. Racks were placed in a growth
chamber (Conviron) in a randomized block design, with
three replicates and a total of 90 seedlings per treatment.
A control with non-inoculated seeds was done in tripli-
cates. The growth chamber was adjusted to 25 °C, 12 h
light/12 h dark, and 80% humidity. Pouches were
watered every 2 days, and received 10 mL of complete
Hoagland’s solution after 1 week. After 2 weeks, the
plants were harvest and placed at 65 °C for 72 h. The dry
weight of roots and shoots was measured individually,
and then total dry weight was calculated.

Biocompatibility of the PRSB and AMF

The growth of the selected PRSB on the surface of
extraradical AMF hyphae was evaluated under labo-
ratory conditions with Ri T-DNA-transformed carrot
(Daucus carota L.) roots and Rhizophagus irregularis
(Ri) isolate DAOM 197198. R. irregularis was select-
ed due to its capacity to grow well in two- compart-
ment Peti dish under the experimental conditions.
Establishing the mycorrhizal colonization of the trans-
formed carrot was done as previously described by St-
Arnaud et al. (1995). Two-compartment Petri dishes
were used as experimental units. The first compart-
ment contained the mycorrhizal transformed carrot
roots in 20 mL of M medium (Becard and Fortin
1988) with 0.4% (wt/vol) of Phytagel (Sigma) instead
of Bacto-Agar. The second compartment contained
20 mL of M medium without any carbon source or
vitamins; the only C source for bacteria was the AMF
exudates. The plates were incubated for approximate-
ly 5 weeks at 25 °C in the dark until hyphae colonized
the second compartment. Roots were regularly re-
moved from the second compartment. Ri spot inocu-
lation with PRSB was carried out using sterile tooth-
picks to transfer bacterial cells from fresh TSA
(Tryptico soy agar) cultures (incubated overnight at
28 °C) directly onto the hyphae by using a micro-
scope. In each two-compartment Petri dish, four hy-
phae from the extraradical mycelium located in the
second compartment were spot inoculated, and, in the
control, bacteria were inoculated directly where no
hyphae were present. The Petri dishes were incubated
for 5 days at 25 °C, and observed using a microscope
(Zeiss Upright microscope Axio Imager) to determine
the viability of the hyphae and the capacity of the
PRSBs to move from the spot-inoculation and colo-
nize the hyphae.

Statistical analysis

Experiments were done using three replicates. All ex-
periments were repeated at least twice. All data were
tested for normality and homogeneity of variance, and,
when necessary, they were log10-transformed to better
fit normalize distributions. Statistical analyses were
done by one- way analysis of variance (ANOVA) and
then by Fishers LSD (least significance difference) or
Tukey’s post-hoc analysis at P < 0.05, employing
Statistica 10 software (Tibco Statistica, Palo Alto, CA).

Results

Isolation and identification of PRSB

The soils from the organic farms in Victoriaville had the
following average chemical composition: pH 5.45, or-
ganic matter 5.3%, and the available elements as follows
in kg ha−1: Al, 3202; Mg, 133; Ca, 3961; K, 58; and the
P ranging from 36 to 255. The chemical composition of
the St-Lambert soil was: pH 5.46, organic matter 2.87%,
and the available elements as follows in kg ha−1

(Mehlich III) Al, 2912; Mg, 209; Ca, 2661; K, 90; and
P, 138. The percentage of root colonization by AMF in
the field-sampled maize roots used to isolate PRSB
ranged from 20 to 40% regardless the location, and
bacteria were isolated only from mycorrhizal roots.
Based on the solubilization halos formed on the
NBRIP-Hxa solid medium, a total of 118 potential
PRSB were isolated. From the NBRIP supplemented
with TCP or from the three PRs tested, only eight
isolates exhibited solubilization halos with Z values
greater than one and were selected for further investiga-
tion (Table 1).

All PRSB retained were Gram-negative motile rods;
their phenotypic characteristics are detailed in Table 1.
From the eight isolates selected, only one was isolated
from soil under mycorrhizosphere influence, identified
according to the sequencing of the 16S rDNA as Asaia
lannaesis Vb1 (100% identity, KJ939699). The bacteria
isolated from the mycorrhizosphere were identified as:
Pseudomonas sp. Vr14 (99.3%, KJ939703), Rahnella
sp.Vr7 (99.8%, KJ939700), Vr13 (99.57%, KJ939702),
and Sr24 (99.63%, KJ939705), and Pantoea sp. Vr9
(99.57%, KJ939701), Vr25 (99.7%, KJ939706), and
Ve16 (99.7%, KJ939704). All strains are deposited in
the microbial collection of Dr. Antoun at the CRH
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(Centre de recherché en horticulture) of Laval Univer-
sity, Quebec, Canada.

A. lannaensis Vb1 was the best P-solubilizer in the
solid NBRIP media, followed by the R. aquatilis group
(Vr7, Vr13, and Sr24). The highest Z values were re-
corded when TCP was used as the P source (Table 1).
A. lannaensisVb1 was the only strain that presented the
higher z values as compared to other strains in all the P
sources tested for the study. Furthermore, Vb1 was the
only strain that solubilized AlPO4 or FePO4, with Z
values of 1.36 ± 0.18 and 1.27 ± 0.20, respectively (data
not shown).

Solubilization of phosphate rocks by bacteria

The chemical characteristics of the three PRs used are
presented in Table 2. The total P content ranged from 93
to 129 mg g−1. The Tilemsi and Gafsa PRs contained
higher amounts of P than Morocco. The Tilemsi PR
contained less Ca, but more Al, Fe, Mn, and Cu than
the other two PRs. The solubility of P from PRs,
expressed in mg g−1, ranged from 3.72 (Morocco) to
15.83 (Tilemsi) in 2% citric acid, and from 7.15
(Morocco) to 22.36 (Gafsa) in 2% formic acid.

As indicated by the cell protein content, the growth of
A. lannaensis Vb1 was significantly (P < 0.05) higher
with Morocco PR as the P source than with Gafsa or
Tilemsi PR (Fig. 1a). Rhanella sp. Vr13 grew signifi-
cantly (P < 0.05) better on Tilemsi PR than on Gafsa or
Morocco PRs. Similarly, the preferred P sources for
growth (which produced statistically similar total cell
proteins), were Morocco and Tilemsi PRs for Rhanella
sp. Vr7, Gafsa and Tilemsi PRs for Rhanella sp. Sr24,
and Pantoea sp. Vr25 (Fig. 1a. The remaining PRSB
(Vr14, Vr9, and Ve16) produced comparable growth on
the three PRs tested. However, some difficulty in growth
evaluation was encountered in certain cases, particularly
with the group of Pantoea sp. and Rahnella sp.,
resulting from cell attachment to PRs particles in the
liquid culture.

After 5 days, the bacterial growth on NBRIP-PRs
was accompanied by a substantial decrease in the cul-
ture media pH from 7 initially to 4 or less (Fig. 1c). In
general, the medium acidification was more significant
in PRs with higher reactivity. With a few exceptions, the
following significant (P < 0.05) trend in acidification
was observed: Gafsa > Tilemsi > Morocco (Fig. 1c).
With each of the three PRs tested, A. lannaensis Vb1

Table 1 Phenotypic characteristics of colonies of phosphate rock-solubilizing bacteria (PRSB) and their P dissolution activity on solid
NBRIP medium supplemented with different P sources after 5 days incubation

PRSB Isolated Colony
morphologya

Z = Halo/colony diameter ratio (mm/mm)

TCP Hxa Morocco Tilemsi Gafsa

A. lannaensis Vb1 Mycorrhizospheric
soil

C,I,R,P 5.64 (0.9) a 2.85 (0.2) a 3.43 (0.5) a 2.94 (0.4)
a

3.21 (0.1) a

Pseudomonas sp.
Vr14

Mycrrhizosphere C,I,R,B,Cy 2.95 (0.4)
bcd

1.79 (0.7)
cde

2.01 (0.1)
bc

2.02 (0.3)
b

1.84 (0.07) c

Rhanella sp. Vr7 Mycorrhizosphere C,E,R,W,V 4.38 (0.9) ab 2.15 (0.1)
bcd

2.08 (0.2) b 1.98 (0.3)
b

2.27 ± (0.4)
bc

Rhanella sp. Vr13 Mycorrhizosphere C,E,R,W,V 4.04 (0.5) bc 2.22 (0.3) bc 2.03 (0.1) b 1.57 (0.1)
b

2.87 (0.1) ab

Rhanella sp. Sr24 Mycorrhizosphere C,E,R,W,V 4.37 (0.3) ab 2.41 (0.4) ab 2.00 (0.1)
bc

1.65 (0.2)
b

2.36 (0.1) bc

Pantoea sp. Vr9 Mycorrhizosphere C,E,R,Y,Cr 2.63(0.2) cd 1.44 (0.1) e 1.32 (0.2) c 1.6 (0.1) b 1.7 (0.1) dc

Pantoea sp. Ve16 Mycorrhizosphere C,E,R,Y,Cr 2.44 (0.2) d 1.41 (0.1) e 2.14 (0.2) b 1.83 (0.4)
b

1.92 (0.1) c

Pantoea sp. Vr25 Mycorrhizosphere C,E,R,Y,Cr 2.3 (0.1) d 1.58 (0.2) de 2.03 (0.3) b 2.08 (0.3)
b

1.96 (0.1) c

Average Z values 3.30 1.98 2.13 1.96 2.27

Values: means (standard deviation). In the same column, means followed by different letters are significantly different according to Tukey’s
test at P < 0.05. The strains were grown on NBRIPmediumwith TCP (Tricalcium phosphate), Hxa (Hydroxyapatite) or PRs fromMorocco,
Mali (Tilemsi), and Tunisia (Gafsa)
a Colony morphology described according to Pérez et al. (2007) on NBRIP-hydroxyapatite (Hxa) medium: C: circular; E/I: entire/irregular
edge; R/Cr: raised/crateriform, Y/W/P/B: yellow, white, pink, beige; V/Cy: viscous/creamy
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produced significantly (P < 0.05) more acidity than the
other PRSB (Fig. 1c). This was reflected by the greatest
P mobilization activities in Gafsa and Tilemsi PRs, as
indicated by the highest soluble P detected in Vb1
supernatants (Fig. 1b). Substantially (P < 0.05) less P
was detected in the supernatant of Vb1 with Morocco
PR, indicating that the soluble P was immobilized by a
significant (P < 0.05) biomass produced by this PR-
solubilizing bacterium growing on NBRIP-Morocco
PR (Fig. 1b) and by the fact that this PR presented lower
reactivity as compared to Gafsa and Tilemsi. Similar
results were obtained with the Vr14 and Vr7 strains in
the presence of theMorocco PR. Independent of the PR-
solubilizing strain involved, all isolates solubilized sig-
nificantly more (P < 0.05) P from the Gafsa PR, follow-
ed by Tilemsi, and finally Morocco (Fig. 1b). Rahnella
sp. Vr7 and Vr13 showed no significant difference
(P < 0.05) in P mobilization from the Gafsa and Tilemsi
PRs. The production of 2-ketogluconic and D-gluconic
OAs seemed to be responsible for the solubilization of
the PRs (Fig. 2), being those at higher concentrations in
the bacterial supernatant. Other OAs, such as,
ketoglutaric acid and pyruvic acid were also identified,
however they represented less than 5% of the total OAs
production across the different strains. Vb1 and Vr14
produced the highest amount of 2-ketogluconic acid
when growing on the Morocco PR (Fig. 2a), while D-
gluconic acid was mostly produced by Vb1, Vr7, and
Sr24 strains growing on the Gafsa and Tilemsi PRs (Fig.

2b). The strains Vr9, Vr16, and Vr25 mainly release 2-
ketogluconic acid (Fig. 2a).

PRSB phosphatase and phytase activities

Acidic and alkaline phosphatase activities were detected
in all PRSB, but these activities varied among the iso-
lates (Table 3). Rhanella sp. Vr13 and Sr24 presented
the highest (P < 0.05) specific activity of alkaline phos-
phatase. The remaining six PRSB exhibited comparable
specific alkaline phosphatase activities. Vr13 and Sr14
also showed the highest specific acid phosphatase activ-
ity, but the activity of Vr13 was 32% higher (P < 0.05)
than that of Sr14. Under our experimental conditions,
only four strains (Pseudomonas sp. Vr14 and Pantoea
sp. Vr9, Ve16, and Vr25) exhibited phytase activity
(Table 3). The phytase activity expressed in the
NBRIP-phy medium was similar among the strains.
Conversely, the activity of Vr14 in the NBRIP-wb me-
dium was lower than that of the three other Pantoea sp.
strains.

In vitro growth-promoting characteristics of PRSB

The characteristics of PRSB tested in vitro are generally
associated with the ability of beneficial bacteria to pro-
mote plant growth and health. None of the tested PRSB
produced HCN, but all strains were positive for the
production of indoleacetic acid (IAA), as confirmed by

Table 2 Chemical composition of phosphate rocks and extractability of P and other elements with 2% (wt/vol) citric or 2% (wt/vol) formic
acid

PR mg g−1 μg g−1

P K Ca Mg Na Fe Al Cu Mn Zn

Chemical composition

Gafsa 122.31 0.50 309.30 3.61 8.77 1.68 2.90 21.53 34.34 146.77

Tilemsi 129.83 0.56 281.86 1.31 2.32 38.44 7.97 50.55 8360.00 87.22

Morocco 93.33 0.93 288.29 19.31 5.52 2.67 4.22 38.10 95.62 219.05

Solubility in 2% citric acid (% of total P)

Gafsa 14.45 0.04 47.17 0.72 1.19 0.06 <0.03 1.70 5.10 37.86

Tilemsi 15.83 0.04 34.32 0.40 0.22 0.27 0.03 9.26 835.94 10.45

Morocco 3.72 0.03 48.53 5.82 0.22 0.09 0.04 6.80 27.67 109.47

Solubility in 2% formic acid (% of total P)

Gafsa 22.36 0.05 71.35 1.14 2.11 0.02 0.03 1.56 7.58 38.32

Tilemsi 18.91 0.03 44.64 0.42 0.30 0.01 <0.03 11.15 676.71 12.57

Morocco 7.15 0.03 77.12 13.81 0.56 0.02 <0.03 5.06 58.34 120.78
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TLC (Table 4). Rhanella sp. Vr7 and Sr24 and Pantoea
sp. Vr9 and Vr25 released high quantities of IAA, while
A. lannaensis Vb1 and Rhanella sp. Vr13 produced the
lowest concentration of this phytohormone (Table 4).
Even though all the isolates were positive for
siderophore production, Rhanella sp. Vr13, Pseudomo-
nas sp. Vr14, and the three Pantoea sp. isolates released
large quantities of siderophores (P < 0.05) compared to
the other isolates. As indicated by the specific biofilm
formation (SBF) index, all tested PRSB formed a bio-
film on an abiotic surface. However, Pseudomonas
Vr14 and Rhanella sp. Vr7 were more active in biofilm
production (P < 0.05) than the other strains (Table 4). In
contrast, Vr14 and Vr7 presented lower (P < 0.05)
swimming motility than Rhanella sp. Vr13 and Sr24
and the three Pantoea sp. isolates (Table 4). Finally,
A. lannaensis Vb1, the only isolate obtained from the
bulk soil loosened from the mycorrhizosphere, did not
form a significant biofilm, presented the lowest swim-
ming motility, and showed low IAA and siderophore

productions as compared to the other isolates. Inocula-
tionwith the four strains—Vb1, Vr14, Sr24, and Vr25—
representing the four genera of PRSB, significantly
(P < 0.05) increased the shoot, root, and total dry weight
of 2-weeks old maize seedlings as compared to the non-
inoculated treatment (Table 5). No differences in the
ability to promote maize seedling growth were observed
among the strains under such conditions.

Biocompatibility of the PRSB and AMF

The selected PRSB inoculated on Ri were able to grow
exclusively along the AMF hyphae of the extraradical
mycelium of Rhizophagus irregularis in the second
compartment, but presented different colonization
speeds. The colonized hyphae appear significantly
thicker than the un-colonized, as shown in Fig. 3 (where
yellow arrows indicate the inoculation point and white
arrows indicate un-colonized hyphae). After 48 h of
culture, the Pantoea sp. isolates (Vr9, Ve16, and Vr25)
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Fig. 1 Bacterial growth expressed as μg mL−1 protein (a), PR
solubilization (b), and pH (c) after 5 days incubation in NBRIP-PR
liquid media. Soluble P from uninoculated control was subtracted
for each PR used. Asaia lannaensis (Vb1), Pseudomonas sp.
(Vr14), Rahnella sp. (Vr7, Vr13, and Sr24) and Pantoea sp.
(Vr9, Ve16, and Vr25). Values denoted by lower cases differ

significantly among strains for each PR treatment; comparisons
among PR for each strain are denoted by capital letters. Statistical
analyses were performed using one- way analysis of variance
(ANOVA) and Least Significant Difference (LSD) post hoc anal-
ysis at P < 0.05. Whiskers represent standard deviation (n = 3)
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grew fast and profusely along all available hyphae in the
second compartment (Fig. 3f-h). After 72 h, the
Rhanella sp. isolates (Vr7, Vr13, and Sr24) presented

dense growth around the hyphae but did not colonize all
the hyphae of the second compartment; all three pre-
sented similar colonization patterns (Fig. 3c-e).

Fig. 2 Production of 2-
ketogluconic (a) and D-gluconic
acid (b) by phosphate rock solu-
bilizing bacteria, after 5 days in-
cubation in NBRIP-PR liquid
cultures. Asaia lannaensis (Vb1),
Pseudomonas sp. (Vr14),
Rahnella sp. (Vr7, Vr13, and
Sr24) and Pantoea sp. (Vr9,
Ve16, and Vr25). Values denoted
by lower cases differ significantly
among strains for each PR treat-
ment; comparisons among PR for
each strain are denoted by capital
letters. Statistical analyses were
performed using one- way analy-
sis of variance (ANOVA) and
Least Significant Difference
(LSD) post hoc analysis at
P < 0.05. Whiskers represent
standard deviation (n = 3)

Table 3 Phosphatases and phytase production by phosphate rock-solubilizing bacteria (PRSB)

PRSB Alkaline phosphatase Acid phosphatase Phytase (NBRIP-wb) Phytase (NBRIP-phy)
mU mg−1 protein a mU mL-1 a

A.lannensis Vb1 20.5 ± 3.8 b 34.83 ± 4.6 d NA NA

Pseudomonas Vr14 24.21 ± 5 b 27.13 ± 0.38 d 21.44 ± 3.8 b 40.74 ± 2.03 a

Rhanella sp. Vr7 22.26 ± 8.7 b 62.76 ± 23.9 cd NA NA

Rhanella sp. Vr13 136.42 ± 24 a 437.92 ± 53 a NA NA

Rhanella sp. Sr24 111.24 ± 26 a 329.71 ± 27 b NA NA

Pantoea sp. Vr9 24.8 ± 4.5 b 98.18 ± 26 cd 53.16 ± 14.8 a 42.59 ± 8.7 a

Pantoea sp. Ve16 46.23 ± 2.0 b 129.00 ± 30 c 67.32 ± 15.14 a 41.91 ± 14.6 a

Pantoea sp. Vr25 31.22 ± 8.0 b 110.02 ± 23 c 54.94 ± 8.8 a 45.30 ± 9.1 a

a In the same column, means (n = 3) followed by the same letter are not statistically different (P < 0.05) according to Tukey’s test

NA no activity detected. NBRIP-wb (NBRIP +5 g L−1 wheat bran) and NBRIP-phy (NBRIP +5 mM of phytic acid)
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Rhanella sp. Vr13 colonized the AMF extraradical my-
celium of Rhizophagus irregularis close to the inocula-
tion point very densely; however, there were some hy-
phae that remained un-colonized (Fig. 3d, white arrow).
Finally, Pseudomonas sp. Vr14 colonized the hyphae in
96 h (Fig. 3b) not far from the inoculation point, and
A. lannaensis (Vb1) poorly colonized the hyphae (Fig.
3a). According to microscope observations, none of the
isolates caused visible damage to the hyphae.

Discussion

Eight isolates presenting a good capacity for mobilizing
P from PRs and other low solubility P sources and

having different PGPR-associated traits were obtained
from the mycorrhizosphere of organically grown maize.
The mycorrhizosphere is a zone of soil under the influ-
ence of the root and AMF exudates (Hodge 2000;
Bianciotto et al. 2002) and the interaction between the
AMF and phosphate-solubilizing bacteria is relevant for
plant P acquisition (Rafi et al. 2019). AMF influences
rhizobacterial populations not only by changing the
plant exudates but also by providing rhizobacteria with
a carbon source, through hyphae exudation. Certain
bacteria, such as P-solubilizing bacteria, release P that
can be taken by AM mycelium, thus changing the plant
P-nutrition (Barea et al. 2005; Taktek et al. 2015;
Ordoñez et al. 2016). The interaction between PSBs
and AMF to increase plant P-acquisition has been
well-documented by different model plants (Toro et al.
1997; Barea et al. 2002b).

Among the isolated bacteria, only one strain
belonged to the genera Pseudomonas, a well-
recognized phosphate solubilizing bacteria, and none
to the more ubiquitous genera Bacillus (Rodriguez and
Fraga 1999). A. lannaensis Vb1 was the best P-
solubilizing bacteria, exhibiting a good capacity to sol-
ubilize AlPO4 and FePO4 in solid NBRIP medium. This
species, was first identified and isolated from flowers of
the spider lily (Crynum asiaticum), has been described
previously as an acetic acid bacterium in the α-
Proteobacteria that can produce acids from several car-
bon sources (Malimas et al. 2008). However, to the
authors’ knowledge, this is the first research on the
capacity of this bacterium to mobilize P from low solu-
bility, P-containing minerals. The Rhanella sp. group

Table 4 Indolacetic acid (IAA), siderophore production, specific biofilm formation (SBF) and swimming motility in phosphate rock-
solubilizing bacteria

Isolate μg IAAa Siderophores % SBF index Swimming motility (mm)
mg protein−1

A.lannensis Vb1 13.08 ± 3.8e 11.73 ± 1.99d 0.36 ± 0.14 c 5.6 ± 1,52e

Pseudomonas Vr14 49.7 ± 6.19d 87.74 ± 0.2a 1.10 ± 0.16 a 20.3 ± 0.57d

Rhanella sp. Vr7 196.06 ± 5.7a 33.54 ± 1.77c 0.72 ± 0.13 b 25.6 ± 3.21cd

Rhanella sp. Vr13 15.95 ± 2.4e 85.99 ± 0.61a 0.32 ± 0.04 c 33.3 ± 1.52b

Rhanella sp. Sr24 108.9 ± 5.6c 35.11 ± 0.03c 0.33 ± 0.03 c 30.6 ± 1.15bc

Pantoea sp. Vr9 132.51 ± 8.0bc 75.14 ± 2.68b 0.44 ± 0.08 c 42 ± 3.6a

Panteoa sp. Ve16 32.36 ± 2.2de 83.42 ± 0.70a 0.43 ± 0.03 c 43 ± 2a

Pantoea sp. Vr25 140.21 ± 21.2 b 81.74 ± 6.48ab 0.38 ± 0.02 c 40.3 ± 2.5 a

In the same column, significant differences (P < 0.05) according to the Tukey’s test are indicated by different letters
a IAA presence was confirmed by thin layer chromatography

Table 5 Effect of inoculation with PRSB on dry weight yields of
2-weeks old maize seedlings (Zea mays cv. SENECA, Horizon)

Dry weight (mg)a

Treatment Shoots Root Total

A. lannaensis Vb1 334.6 a 319.3 a 653.9 a

Pseudomonas sp. Vr14 348.3 a 344.7 a 693.0 a

Rhanella sp. Sr24 343.3 a 324.3 a 667.6 a

Pantoea sp. Vr25 351.3 a 328.6 a 679.9 a

Uninoculated control 191.6 b 195.6 b 387.2 b

LSD (P < 0.05) 80.3 64.4 142.1

Values are means of the three replicates (n = a rack containing 10
growth pouches)
a Dry weight is expressed in mg per growth pouch containing 3
seedlings
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was the second best P solubilizer in solid medium.
Previously isolated from the soybean rhizosphere, this
bacteria has been reported to present the capacity to
solubilize hydroxyapatite in solid medium (Kim et al.
1997a) and low-grade Quebec PR (Taktek et al. 2015).
Based in our results, these strains were able to grow on
NBRIP solid medium containing either AlPO4 or FePO4

but didn’t show a visible solubilization halo; these re-
sults were also observed by Sulbaran et al. (2009) with
TCP-solubilizing bacteria and by Puente et al. (2004) in
bacteria with rock-weathering capacities. Regardless of
the inability of Rhanella sp. isolates to develop a solu-
bilization halo in solid medium with either AlPO4 or

FePO4, the results do not necessarily imply that they
cannot mobilize P from these sources in liquid medium
(Chung et al. 2005). Discrepancies among the P-
solubilizing capacities of bacteria in solid and liquid
media have been reported also inPantoea, Burkholderia
and Ralstonia (Pérez et al. 2007). Therefore, futures
studies are required to evaluate the selected PRSB for
P mobilization from AlPO4 and FePO4 in liquid
medium.

The eight selected strains proved to be efficient P-
solubilizers of low-grade phosphate rocks, presenting a
trend of solubilization capacity related to PR reactivity.
They mobilized considerably more P in the following

Fig. 3 Hyphae colonization of Rhizophagus irregularis DAOM
197198 in two-compartment Petri dish system by: A. lannaensis
Vb1 (a); Pseudomonas sp. Vr14 (b); Rhanella sp. Vr7 (c); Vr13
(d) and Sr24 (e); Pantoea sp. Ve16 (f); Vr9 (g) and Vr25 (h),

incubated 5 days at 25 °C in M medium without carbon source or
vitamins. Yellow arrows indicate colonized hyphae and white
arrows indicated un-colonized hyphae. Scale bars represent
1000 μm
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trend Gafsa > Tilemsi > Morocco. PR reactivity is an
important feature when considering PRs for direct use as
P-fertilizers because reactivity affects the relative agro-
nomic effectiveness (RAE) of PRs, as proven for wheat,
ryegrass, and canola (Smalberger et al. 2010). The au-
thors observed that, accompanying the mobilization of P
from PRs, there was a reduction in pH values and the
production of low-molecular weight organic acids (OA)
by all isolates. Medium acidification with the concomi-
tant production of OA is recognized as one of the com-
mon mechanisms responsible for P-mobilization from P-
minerals by PSBs (Rodriguez and Fraga 1999). More-
over, it has been proven that by using OA either directly
or by microbial activity, P can be mobilized from PRs
with different reactivities. Singh and Amberger (1998)
composted two types of low-grade PRs of different reac-
tivities with wheat straw, molasses, and urea, and proved
that the two PRs were solubilized by the activity of the
microorganisms present through the release of OA (such
as glycolic, oxaloacetic, succinic, fumaric, malic, tartaric,
and citric). Ström et al. (2005) showed that by using
different OA (such as citric, malic, and oxalic) in different
concentrations in calcareous soils (where there is a low
bioavailability of P), P removal from the soil was in-
creased as OA concentration was increased. Babana
et al. (2013) isolated from wheat a Pseudomonas sp. able
to mobilize P from the Tilemsi PR (90 mg L-1) by the
production of gluconic and oxalic acid, and Do Carmo
et al. (2019) tested the capacity of different soil bacteria,
such as Bacillus megaterium, B. subtilis, and
B. licheniformis to solubilize fluoroapatite; all strains
produced lactic, acetic, and propionic.

Among the selected isolates, A. lannaensis Vb1 pre-
sented the highest specific P-solubilization from the
Gafsa and Tilemsi PRs. However, these two PRs did
not result in better growth than the Morocco PR. In the
presence of these two PRs, Vb1 presented greater D-
gluconic acid production, suggesting that, instead of
using the available carbon to produce biomass, Vb1
produced OA. In agreement with this study’s results,
Reyes et al. (2001) observed that the wild-type and
Mps++ mutants of Penicillium regulosum IR-94MF1
presented higher P-mobilization and less biomass when
cultivated in the presence of Florida apatite. They ex-
plained this observation by the possible translocation of
carbon to produce different types and amounts of OA
instead of biomass.

It has been reported that Pantoea agglomerans can
solubilize hydroxyapatite in liquid and solid media

(Kim et al. 1997b) and in non-sterile soils (Kim et al.
1998b); however, the production of 2-ketogluconic and
D-gluconic acid did not necessarily correlate with the
Pantoea sp. isolates’ ability to solubilize PRs. Vr9 pro-
duced the same quantities of D-gluconic and 2-
ketogluconic acid regardless of the type of PR, but
mobilized varying amounts of P from the three PRs.
The Rahnella sp. isolates showed less capacity for mo-
bilizing P from less reactive PR than the other isolates.
R. aquatilis has been described as a nitrogen-fixing
bacterium associated with the wheat and maize rhizo-
spheres (Berge et al. 1991). Furthermore, Rahnella
aquatilis ISL19 isolated from the soybean rhizosphere
is reported to mobilize P from hydroxyapatite in a liquid
culture by the production of OA (Kim et al. 1997a),
more specifically, gluconic acid through the biosynthe-
sis of the coenzyme PQQ. This PQQ cofactor is needed
for the membrane-bound glucose dehydrogenase that
participates in the direct oxidation of glucose, enabling
R. aquatilis to produce gluconic acid (Kim et al. 1998a).

In addition to being good PR solubilizing bacteria,
the selected PRSB were able to mineralize organic P
through the production of phosphatases or phytases.
Some authors suggest that soil bacteria with high inor-
ganic P-solubilizing capacities are not necessarily good
at mineralizing P (Tao et al. 2008). However, de Freitas
et al. (1997) reported that differentBacillus species were
able to produce phosphatases in addition to solubilizing
North Carolina PR. Since a high proportion of soil’s P-
reserve is in the form of organic P (Turner et al. 2002)
partially in the form of phytate, the mineralizing ability
of bacteria with the potential for use as inoculants is of
relevance.

All isolates showed traits as growth promoters by
producing IAA and siderophores, and were found to
be motile and biofilm-formers. Biofilm formation ca-
pacity (Fujishige et al. 2008; Chauhan and Nautiyal
2010) and motility phenotype (Vande Broek et al.
1998; Turnbull et al. 2001) are two relevant features
related to the root colonization capacity of soil bacteria
and, therefore, were used as criteria to discriminate
among the PRSB selected for further studies. It is note-
worthy that A. lannaensis Vb1 was the only strain
presenting restricted motility and a poor ability to pro-
duce IAA, siderophores, and biofilms; however, this
strain was the best PR-solubilizing bacterium and, there-
fore, it was kept for further studies.

The selected PRSB were able to grow exclusively
along AMF hyphae and did not cause any visible
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damage to R. irregularis. Compatibility studies with
mycorrhizae are relevant because the AMF-plant inter-
action is crucial for plant P nutrition and it has been
recognized that PSB can act as mycorrhizae-helper bac-
teria (Frey-Klett et al. 2007). We observed, that the
Pantoea sp. isolates were the most active at colonizing
the available hyphae in the second compartment of the
Petri dish, as compared to the rest of the selected PRSB,
showing a better growth rate along the AMF hyphae;
however, they could not grow in the second compart-
ment without the influence of the AMF hyphae. By
using this two-compartment Petri dish system, Taktek
et al. (2015) showed that hyphae-competent PSBs are
more effective for colonizing the hyphosphere, and
would mobilize more P from PR than PSBs that are
not associated with AMF hyphae. Taktek et al. (2017)
proved that a strong PR solubilizing bacterium,
Burkholderia anthina Ba8 isolated from Rizophagus
irregularis, was able to form biofilms over abiotic
surfaces and over hyphae. Ordoñez et al. (2016) showed
that different PSB were able to grow on the culture
medium in the distal compartment in the presence of
AMF hyphae.

In this study, the authors observe that all bacteria
were able to adhere to the AMF mycelium, possibly
by metabolizing the exudates released by the hyphae
since no other carbon source was available. Taktek et al.
(2015) observed that PSBs strongly attached to AMF
hyphae only grew on the distal compartment medium
when hypha was present, confirming that all the energy
sources required for bacterial growth and activity
derived from hyphal exudates. The exudation of
carbohydrates by living hyphae seems to enable an
interaction between the mycorrhizal fungi and other
microorganisms, such as soil bacteria. Toljander et al.
(2006) determined that different compounds were exud-
ed by the growing mycorrhizal fungal mycelium, such
as acetate, formiate, glucose, and oligosaccharides. The
extraradical mycelium of AMF occupies a greater vol-
ume of soil than the roots, so the supply of carbon far
from roots (the hyphosphere) affects soil microorgan-
isms (Filion et al. 1999). Additionally, several studies
have proven that synergy exists between certain
rhizobacteria and AMF that enhances plant P-nutrition
(Khan and Zaidi 2007; Mäder et al. 2011). AMF alone
can mobilize P from less soluble sources when an ap-
propriate source of N is available. Villegas and Fortin
(2001) proved that the extraradical mycelium ofGlomus
irregularis was able to mobilize P from insoluble Ca-

phosphate directly (when cultivated in vitro and the
source of N was NH4

+) but its solubilizing capacity
was enhanced by inoculation with Pseudomonas
aeruginosa. Further studies are suggested to determine
if interaction between the PRSB and Rhizophagus
irregularis as an AMFmodel is specific or could change
depending on the mycorrhizae species. Finally, one of
the main concerns when using PR-solubilizing bacteria
as inoculants is whether the source of the necessary
nutrients will be present in natural soil conditions,
allowing for growth and development to start the P-
solubilization, especially far from roots’ influence.
Therefore, PR-solubilizing bacteria with the ability to
utilize AMF mycelium exudates should be selected to
increase the chances of growth even far from the roots.

In summary, the mycorrhizosphere of maize plants is
a good source of bacteria that are able to mobilize P
from low solubility P-sources and that have the capacity
to enhance plant growth. The growth of the PRSB on the
mycelium of Rhizophagus irregularis suggests that they
have the potential to utilize the extraradical mycelium
exudates as a sole source of energy, and may indicate the
ability of the bacteria to develop far from roots, in the
presence of the AMF mycelium under natural soil con-
ditions. All these characteristics show the potential use
of these bacteria in combination with AMF for future
inoculants.
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