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Cooperation among phosphate-solubilizing

bacteria, humic acids and arbuscular
mycorrhizal fungi induces soil microbiome shifts
and enhances plant nutrient uptake

Vincenza Cozzolino"*'®, Hiarhi Monda'", Davide Savy', Vincenzo Di Meo*, Giovanni Vinci' and
Kornelia Smalla?

Abstract

Background: Increasing the presence of beneficial soil microorganisms is a promising sustainable alternative to sup-
port conventional and organic fertilization and may help to improve crop health and productivity. If the application of
single bioeffectors has shown satisfactory results, further improvements may arise by combining multiple beneficial
soil microorganisms with natural bioactive molecules.

Methods: In the present work, we investigated in a pot experiment under greenhouse conditions whether inocula-
tion of two phosphate-solubilizing bacteria, Pseudomonas spp. (B2) and Bacillus amyloliquefaciens (B3), alone or in
combination with a humic acids (HA) extracted from green compost and/or a commercial inoculum (M) of arbuscular
mycorrhizal fungi (AMF), may affect maize growth and soil microbial community. Phospholipid fatty acid (PLFA) and
denaturing gradient gel electrophoresis (DGGE) fingerprinting analysis were performed to detect changes in the
microbial community composition.

Results: Plant growth, N and P uptake, and mycorrhizal root colonization were found to be larger in all inoculated
treatments than in the uninoculated control. The greatest P uptake was found when B. amyloliquefaciens was applied
in combination with both HA and arbuscular mycorrhizal fungi (B3HAM), and when Pseudomonas was combined with
HA (B2HA). The PLFA-based community profile revealed that inoculation changed the microbial community compo-
sition. Gram+/Gram— bacteria, AMF/saprotrophic fungi and bacteria/fungi ratios increased in all inoculated treat-
ments. The greatest values for the AMF PLFA marker (C16:1w5) and AMF/saprotrophic fungi ratio were found for the
B3HAM treatment. Permutation test based on DGGE data confirmed a similar trend, with most significant variations in
both bacterial and fungal community structures induced by inoculation of B2 or B3 in combination with HA and M,
especially in B3BHAM.

Conclusions: The two community-based datasets indicated changes in the soil microbiome of maize induced by
inoculation of B2 or B3 alone or when combined with humic acids and mycorrhizal inoculum, leading to positive
effects on plant growth and improved nutrient uptake. Our study implies that appropriate and innovative agricultural
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management, enhancing the potential contribution of beneficial soil microorganisms as AMF, may result in an

improved nutrient use efficiency in plants.

Keywords: Pseudomonas, Bacillus amyloliquefaciens, Humic substances, Plant growth-promoting microorganisms,
Maize, Compost, Arbuscular mycorrhizal fungi, Biological fertility

Background

The intensive use of mineral fertilizers and chemical
pesticides has been driving the agricultural productiv-
ity of the past century. Future challenges for agriculture
require innovative cropping technologies for a more effi-
cient management of the limited natural resources to
preserve soil fertility and minimize the adverse environ-
mental impact of current agricultural production [1]. In
this regard, beneficial plant—microbe interactions can be
manipulated to improve crop production in agriculture.
Focusing on microbiome engineering is an emerging bio-
technological strategy of a sustainable intensification in
agriculture [2].

In soil-plant systems, prebiotics are products as
organic amendments, usually manure, compost, biochar
or humic substances, promoting the growth of probiot-
ics, soil microorganisms already present within the soil—
plant system or favoring the establishment of inoculated
microorganisms. In the same field, probiotics are spe-
cifically considered as beneficial microorganisms, which
improve plant fitness and nutrient availability. Use of soil
amendments as prebiotics and inoculation with specific
probiotics microorganisms represent promising tools to
develop and establish a beneficial plant microbiome [2].

Organic fertilizers, such as compost, have the advan-
tage of helping to recycle parts of nutrients, that are
already available in the agroecosystem, enriching soil
with organic matter that contains nutrients in organic
forms less readily accessible to plant uptake and less sus-
ceptible to leaching [3, 4]. Thus, their application may
increase the nutrient use efficiency, that is one of the final
goals of a sustainable intensification of agriculture.

In this context, bioeffectors (BEs), including various
plant growth-promoting microorganisms (PGPM) and/
or bioactive natural compounds support important func-
tions in sustainable agriculture as supplements to con-
ventional fertilizers; they appear as important boosters
of soil fertility enhancing the efficiency of nutrients recy-
cling in the soil [5]. Among microbial BEs, Bacillus and
Pseudomonas species are common and abundant bacte-
rial populations in the rhizosphere of various crops [64],
suggesting a high competence to colonize plant surfaces
and tissues. Strains belonging to these genera provide
numerous beneficial traits, such as root growth promo-
tion, solubilization of sparingly soluble nutrients and
stimulation of root colonization by mycorrhizal fungi [6,

7]. This last trait plays a key functional role by mediat-
ing the transfer of carbon from roots to soil as a source
of energy for microbial life and contribute to plant uptake
of mineral nutrients and water [8]. However, none of
the known PGPM per se has the potential to fulfill the
requested requirements of providing a viable alterna-
tive to mineral fertilizers [9]. In fact, it has been recently
recognized that the interactive and synergistic effects
expected from PGPM cannot be achieved with a single
application [10, 11].

Mycorrhizal fungi are described as crucial in soil sys-
tems since they establish a mutualistic association with
the majority of plants [12]. AMF diversity in agricultural
soils has been strongly reduced by conventional agricul-
tural practices [13], including overuse of fertilizers, agro-
chemicals, tillage, long fallow periods. AMF diversity and
abundance in agricultural soils could be improved by
changing management practices which promote indige-
nous AMF population, or by reintroducing them through
inoculation [14]. The multiple services provided by AMF
are the result of the synergistic activities of the bacterial
communities living in the mycorrhizosphere, including
N fixation, P solubilization, and the production of phy-
tohormones, siderophores, and antibacterial metabolites
[15]. Cooperation among beneficial microorganisms has
been confirmed for different species of phosphate-solu-
bilising bacteria (e.g., Bacillus spp., Pseudomonas spp.) in
diverse plant species [15-20].

Besides synergistic interactions among microbial bioef-
fectors, a combination with natural bioactive compounds
holding plant growth-promoting effects can also provide
additional benefits for plant growth. Humic substances
(HS) have attracted rising attention by farmers and sci-
entific community owing to their capacity to regulate
many ecological and environmental processes and can
be used as soil conditioning agents. In fact, HS sustain
plant growth and microbial life controlling soil C and N
cycling, growth of plants and microorganisms, plant root
initiation and architecture, and stabilization of soil struc-
ture [21-28]. Several studies reported the synergistic
effects of the integrated use of HS plus biofertilizers on
plant yield and nutrient uptake [29]. The anatomical and
physiological changes in roots induced by HS may favor
the fitness of the mutualistic interaction by increasing
rhizosphere population and chemotaxis, bacteria attach-
ment and survival on plant surface as well as endophytic
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colonization [30]. Moreover, several authors have
reported that the combination of microbial inoculants
with HS gives more reproducible results for plant growth
and production [31-33]. They may represent a key com-
ponent of a new generation of biofertilizers acting as
carriers of microbial inoculants in soil [34]. The applica-
tion of different microbial inoculant species together in
consortia or plus HS has been proposed as a strategy to
increase the fitness of the inoculants when confronted
with the complex and highly competitive native soil com-
munity [34, 35]. In addition, the application of humus-
rich organic fertilizers, such as compost, has shown the
ability of PGPM to improve nutrient uptake and plant
growth [36-42].

This study was performed within the activities of the
EU project BIOFECTOR that aimed to test different
microbial strains, commercially available, able to promote
plant growth, P solubilization and arbuscular mycorrhiza
helper functions. The specific objectives of our research
were to test whether the combined application of humic
acids (HA) and microbial bioeffectors Pseudomonas spp.
DSMZ 13134 (B2), Bacillus amyloliquefaciens FZB42
(B3), alone or in combination with a mix of arbuscular
mycorrhizal fungi (Rhizoglomus irregulare and Funneli-
formis mosseae) can promote synergy and more efficacy,
on maize plant growth and nutrient uptake. Further, to
have a deeper understanding of the effects of microbial
bioeffectors alone or in combination with HA on plant
performances, we examined whether different combi-
nation may affect microbial community composition
and mycorrhizal root colonization in the presence of a
native microbial community in a non-sterilized soil. Our
hypothesis was that the combined application of micro-
bial bioeffectors and HA would show greater benefits for
the crop than individual application of microbial strains,
and concomitantly affect the composition of soil micro-
bial communities.

Materials and methods

Soil and compost material

The surface layer (0—15 cm) of a soil classified as Vertic
Xerofluvent was collected at the Experimental Farm of
the University of Naples Federico II located in Castel-
Volturno (CE), Italy. The sampled soil was air-dried and
sieved to <5 mm before being analyzed for the content of
organic C by the Walkley—Black method [43], total N by
the Kjeldahl digestion method [44], and the available soil
P by the sodium bicarbonate Olsen method [45]. The soil
showed a clay loam texture (44.6%, 28% and 27.4% sand,
silt and clay, respectively), an alkaline pH of 8.6 (1:2.5
soil:water) and contained 1.11 g kg™! total N, 10.5 g kg~*
organic carbon, 11 mg kg~! of NaHCO,-extractable P.
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The green compost as a source of humic acids (HA)
was produced at the on-farm composting facility of the
Experimental Farm of the University of Naples Federico
II. The composting process was based on a static pile with
air insufflation system, formed by a rotative pump con-
nected to a frame of perforated rubber tubes. The tubes
were placed on a bed of dry corn residues (4 x 8 m). The
composting pile was made up by a mixture (base matrix)
of cow and buffalo manure (70% w/w) and artichoke resi-
dues as structuring woody material (30% w/w); the mixed
material was uniformly spread by a power shovel to cover
the insufflation system and forming the final pile height
of approximately 1.5 m. The composting lasted 100 days,
with a periodic monitoring of external and internal tem-
perature level (5 min interval) and oxygen percentage
(60 min interval). During the first 50 days, the minimum
percentage of oxygen was set at 10%, then subsequently
at 5%. Compost was oven-dried at 40 °C until constant
weight and sieved at 500 um. Dry compost samples
were analyzed by a Fisons EA 1108 (Fisons Instruments,
Milano, Italy) elemental analyzer and revealed an ele-
mental content of 27.9, 2.13, and 4.06% of C, N, and H,
respectively, and a C/N ratio of 13.1.

Bioeffectors

The bioeffectors consisted of three microbial inocula
and one HA. The commercial microbial products were:
Proradix® WP (Pseudomonas spp. DSMZ 13,134 contain-
ing 5.0 x 10'° colony-forming units g~') (B2) produced
by Sourcon Padena Tubingen, Germany; RhizoVital®
42 fl. (Bacillus amyloliquefaciens FZB42, also referred as
Bacillus velezensis FZBA42, containing 2.5 x 10'° spores
g') (B3) produced by ABiTEP GmbH, Berlin, Ger-
many; Aegis Sym Microgranule based on a mixture of
two arbuscular mycorrhizal fungi strains of Rhizophagus
irregularis BEG72 and Funneliformis mosseae BEG234,
containing 25 spores g~! of each strain, produced by,
Agrotecnologias Naturales Atens, S.L. Tarragona, Spain.
Stock suspensions of each bacterial product were pre-
pared under sterile conditions using demineralized water
with 2.5 mM CaSO, and sprayed on seeds surface at sow-
ing both at the rate of 2 x 10° cfu per g of substrate. Aegis
Sym was applied directly as microgranule at the rate of
2.5 g pot™! at sowing.

HA were extracted from green compost based on arti-
choke residues as follows: 100 g of air-dried compost
(2 mm sieved) was suspended in 1000 mL of a 0.1 mol
L™! NaOH and 0.1 mol L™!' Na,P,O, solution and
mechanically shaken for 24 h. The suspension was then
centrifuged at 7500 g for 20 min and filtered through
glass wool. The extraction was repeated twice after 1 h
of shaking. The filtered supernatants were acidified
to pH 1.5 with 6 mol L™! HCI to precipitate the humic
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acids. After 24 h, samples were centrifuged at 2500 g for
20 min and the HA collected and dialysed (1 kD cutoff
Spectrapore tubes) against deionized water until the elec-
trical conductivity became lower than 0.5 dS m™. Stock
solution was prepared from freeze-dried powder dis-
solved in deionized water and diluted to the application
rate (0.012 g Kg™?). In an earlier study, we performed the
chemical characterization of HA isolated from artichoke
compost and tested their bioactivity of towards young
maize plants [46].

Pot experiment

The pot experiment was conducted under open green-
house conditions (25-33 °C, daily temperature range
during maize growth,) for 8 weeks starting from May to
July. Maize (Zea mays, cv Aphoteos, Limagrain S.p.a.)
plants were grown in pots filled with 5 kg of a soil, pre-
pared by mixing the Vertic Xerofluvent clay-loam soil
with quartz sand at a 2:1 ratio. A manure on-farm com-
post (manure: straw, 70:30% w/w) was used as fertilizer
(140N-50P-190 K mg kg™!), by mixing it homogenously
into the soil, and allowing the mixture to equilibrate for
3 weeks at room temperature before the experiment.

The pot trial was designed as follows:

BO Control (no inoculation)

BOM Control 4+ mycorrhizal inoculum

B2 Pseudomonas spp.

B2M Pseudomonas spp.+ mycorrhizal inoculum

B2HA Pseudomonas spp.+ HA

B2HAM Pseudomonas spp.+ HA + mycorrhizal inoculum

B3 Bacillus amyloliquefaciens

B3M Bacillus amyloliquefaciens + mycorrhizal inoculum
B3HA Bacillus amyloliquefaciens +HA

B3HAM Bacillus amyloliquefaciens +HA + mycorrhizal inoculum

Each treatment was replicated 5 times for a total of 50
pots. Three maize seeds were sown 3 cm below the soil
surface in each pot and 15 mL solutions of each BE were
applied using an automatic pipette with sterile tips into
each planting hole. Mycorrhizal inoculum was placed
under the seeds. Holes were closed and the top sur-
face of the soil were covered with 150 g (~0.5-cm -hick
layer) of quartz sand (0.6—-1.2 mm) to avoid the forma-
tion of surface crusts after watering. After emergence
(5 days after sowing), only one maize seedling per pot
was then left to grow and additional 15 mL of BE (bacte-
ria and HA) solution was applied to the top layer. During
crop growth, soil water content was maintained at 60%
of field capacity by periodically adding water to compen-
sate evapotranspiration losses. The plant performances
were monitored weekly by recording plants height, while
symptoms of nitrogen deficiencies were corrected, if
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needed, by supplying 0.5 g pot™' N as Ca(NO,), Plants
were harvested 8 weeks after sowing. Plant height and
leaf numbers were measured, as well as shoot and root
separated, and fresh and dried biomass, after drying in a
forced-air oven at 70 °C for 2 days. The soil strictly adher-
ing to roots was considered as rhizosphere and separated
by brushing after a gentle shake. The rest of soil was con-
sidered bulk soil. Both soils were sieved at 2 mm; rhizos-
phere soil was stored at — 20 °C for PLFA and molecular
fingerprinting analysis, while bulk soil was air-dried and
stored for physical-chemical analyses. Total P in maize
shoots was obtained by digesting the dried plant samples
with diluted HNO, and HCI (1:3 v/v) [47] and then col-
orimetrically determined by the molybdenum blue assay
method [45]. Total nitrogen was determined by the Kjel-
dahl digestion method [44].

Mycorrhizal colonization

Root mycorrhizal colonization was estimated by a modi-
fied method of Vierheilig [48]. Maize roots were washed
with tap water, cleared in 10% KOH for 10 min at 90 °C in
a water bath, rinsed in water, and then soaked in 2 M HCl
for few minutes. After soaking, the roots were stained in
a 5% ink-vinegar solution (5% v/v ink in a 5% acetic acid
solution) for 5 min at 90 °C in a water bath. The roots
were then rinsed with acidified tap water. Mycorrhi-
zal colonization was estimated by the gridline intersect
method [49].

Fatty acid analyses

Selected fatty acids pertaining to the soil phospholipid
(PLFA), and used as biomarkers for specific soil micro-
bial communities, were extracted using the modified
Bligh and Dyer technique [50], as previously described
[51]. Total soil lipids were extracted from 4 g of soil by
a chloroform/methanol (MeOH)/citrate buffer (1:2:0.8
v/v). Separation of lipid classes was conducted in silica
gel columns by sequentially eluting neutral, glyco-, and
phospholipid fractions with chloroform, acetone, and
methanol, respectively. The eluted phospholipid frac-
tions were dried under a N, flow at 37 °C and stored at
— 20 °C. Fatty acid methyl esters were formed by a mild
alkaline methanolysis. Thirty microliters of methyl nona-
decanoate fatty acid (19:0; Sigma-Aldrich) were added as
internal standard, and the methylated samples were dried
under N, flow. These samples were redissolved in 200 pl
of hexane. Then, for each sample, 2.5 pl was injected in
splitless mode by the injector held at 250 °C into a Per-
kin-Elmer Autosystem XL (GC) equipped with a PE
Turbomass-Gold quadrupole mass spectrometer. Chro-
matographic separation was achieved through a 60 m
Supelco Capillary column (SLB-5 ms) using helium as
carrier gas (1 mL min~!). The initial oven temperature,
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100 °C, was held for 5 min, raised to 210 °C at a rate
of 2 °C min~", then raised from 210 to 250 °C at a rate
of 5 °C min~!, and held for 12 min. Mass spectra were
obtained in EI mode (70 eV), scanning in the range of
m/z 50-600, with a cycle time of 1 s. The abundance of
individual PLFA was derived from the relative area under
each chromatographic peak, as compared to that of the
internal standard (19:0) and related to the calibration
curve of the 19:0 standard fatty acid dissolved in hexane.

Total PLFA was calculated as the sum of all phospho-
lipid fatty acids and considered to represent microbial
biomass. Each PLFA content was expressed as ng of
PLFA per g of dry soil. Fatty acids were named according
to the w-designation as it follows: total number of car-
bons followed by a colon; the number of double bonds;
the symbol w; and the position of the first double bond
from the methyl end of the molecule. Cis- and trans-con-
figurations are indicated by c and t, respectively; iso and
anteiso forms of methyl-branched fatty acids are indi-
cated by i- and a-, respectively. 10Me indicates a methyl
group placed on the tenth C atom from the carboxyl end
of the molecule; cy refers to cyclopropane fatty acids. The
C18:2w6¢ and C18:1w9c PLFA were used as biomarkers
for fungal biomass [52], while C16:1w5 PLFA was the bio-
marker for arbuscular mycorrhizal fungi [53], and it can
be used for evaluating the amount of extraradical myce-
lia of AMF [54]. The aC15:0, iC15:0, iC16:0, iC17:0, and
aC17:0 PLFA were chosen to represent Gram+ bacteria,
while the Cl16:1w7¢, C18:1n7c, C18:1w5¢c, cyC17:0, and
cyC19:0 PLFA were related to Gram- bacteria [55]. The
PLFAs 10Mel6:0 10MeC17:0 and 10Me18:0 were used to
indicate soil actinomycetes [56]. Structure of soil micro-
bial community was also evaluated using the PLFA ratios
relative to bacterial/fungal, Gram-+/Gram— bacteria, and
AMF/saprotrophic fungi.

Total DNA (TC-DNA) extraction

Total DNA (TC-DNA) was extracted using four out of
five replicates subjected to TC-DNA extraction (each
0.5 g of wet weight) after a harsh lysis step, using Fast-
Prep FP24 bead-beating Instrument. The procedure was
repeated twice, (30 s, 5.5 m s~!) (MP Biomedicals), by
means of the FastDNA spin kit for soil (MP Biomedicals).
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Purification of extracted TC-DNA was performed using
GeneClean spin kit (MP Biomedicals) according to the
manufacturer protocol. DNA yield was checked by aga-
rose gel electrophoresis (0.8% w/v agarose; 100 V, 40 min)
using ethidium bromide staining and estimated using
the 1-Kb Plus DNA ladder. Purified DNA was stored at
—20°C.

Amplification of bacterial 16S rRNA gene fragments

The purified TC-DNA was diluted 1:10 with deionized
water before polymerase chain reaction (PCR) amplifica-
tion. F984GC/R1378 universal bacterial primer pair was
used to amplify TC-DNA as described by Heuer [57]. All
primers used in this study are reported in Table 1. The
PCR master buffer consisted of: 1 yL of template DNA
(1-5 ng), 5 uL GoTagq Flexi Buffer, 3.5 4L MgCl, (25 mM),
2 uL acetamide (50%), 2.5 uL. deoxynucleotide triphos-
phates (ANTPs, 2 mM), 0.5 yL primers (10 uM), 0.125 uL
GoTaq polymerase (5 u/uL), and 9.625 uL deionized
water. The PCR program included an initial denaturation
step at 94 °C for 5 min, followed by 35 thermal cycles of
94 °C for 1 min, 53 °C for 1 min, and 72 °C for 2 min and a
final extension at 72 °C for 10 min.

Amplification of fungal ITS fragments

The fungal community was studied based on the fun-
gal internal transcribed spacer (ITS) fragment and was
amplified using a nested PCR approach, as described
by Weinert [58] with ITS1F/ITS4 primer sets [59]. The
reaction mixture for the first PCR was composed of:
1 uL of template DNA, 2.5 yL TrueStart Buffer, 2.5 yL
dNTPs (2 mM), 3.75 uL. MgCl, (25 mM), 0.5 yL primers
(10 uM), 0.5 uL. DMSO, 0.125 uL TrueStart Taq polymer-
ase (5u/ul), 13.6 uL of deionized water. Thermal cycle
started with denaturation at 95 °C for 5 min, followed by
30 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min
and a final extension at 72 °C for 10 min. Samples were
used as templates for the second PCR. The buffer for the
second PCR was the same as the one used for the first
PCR, except for the use of 0.2 uL TrueStart Taq poly-
merase and different primer set (ITS1F-GC/ITS2). The
PCR conditions were the same as those described for the
first PCR except for the number of cycles, which were

Table 1 Primer set used to amplify bacterial and fungal communities

Primer pair Primer Sequence (5-3)* Taxonomic group Annealing
temp (°C)
F984GC/R1378 Fog4 GC clamp-AACGCGAAGAACCTTAC Bacteria 53
R1378 CGGTGTGTACAAGGCCCGGGAACG
ITSTF/ITS4 [TSTF CTTGGTCATTTAGAGGAAGTAA Fungi 55
[TS4 TCCTCCGCTTATTGATATGC

*The Gc clamp sequence was CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG
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reduced to 25. Final amplified samples were checked
by means of electrophoresis agarose gel prior to further
DGGE analysis.

Analysis of 16S rRNA gene and ITS fragments by denaturing
gradient gel electrophoresis (DGGE)

DGGE analysis was performed using a PhorU2 appara-
tus (Ingeny, Goes, The Netherlands), according to Wein-
ert [58]. Two different double gradient gels were used to
separate gene fragments: a gel composed of 46.5-65%
denaturants (100% denaturant was defined as 7 M urea
and 40% formamide) and acrylamide (6.2-9%) was used
for both community and group-specific 16S rRNA,
meanwhile the gradient consisted of 23-58% denatur-
ant and 8% acrylamide for fungal gene fragments. The
gels were run in Tris-acetate-EDTA buffer and voltage
was kept constant at 140 V for 17 h at 58 °C for bacterial
community and 100 V for 18 h at 60 °C for fungal com-
munity. After electrophoresis the gels were silver stained
as described by Heuer [60], air-dried and scanned for
acquiring digital pictures. DGGE profiles were processed
using GelCompar II software ver. 6.5 (Applied Maths)
as described by Rademaker [61] and modified by Smalla
[62].

Cluster analysis of DGGE fingerprint patterns was car-
ried out using pairwise Pearson correlation coefficients
calculated by means of unweighted pair group method
using arithmetic averages (UPGMA). Pearson similarity
matrices were used to test significant differences between
treatments by the application of permutation test with
PERMTEST software (10,000 simulations), calculating
the d-value (dissimilarity value) from the average overall
correlation coefficients within the groups minus the aver-
age overall correlation coefficients between groups from
treatments compared, in accordance with Kropf [63].

Statistical analyses

The significant differences between mean values were
determined by a one-way analysis of variance, while
application of Tukey’s test to differentiate among results
was given at the P < 0.05 probability level using the
Statgraphics Centurion software version XV. Data were
checked for normality and homogeneity of variance
and transformed where necessary. Multivariate prin-
cipal component analysis was used to analyze PLFA
biomarkers by means of XLSTAT software (Version
2014.4.08, Addinsoft, Inc., Brooklyn, NY, USA). Pear-
son’s correlation coefficients were used to test the rela-
tionships between the PLFA microbial markers in soil,
N and P content in plant tissues, and mycorrhizal root
colonization.

Page 6 of 18

Results
Plant growth, nutrient content and percentage of root
mycorrhizal inoculation
Maize plants inoculated with bioeffectors, alone or in
combination, significantly increased total dry biomass
compared to the control (BO) (Fig. 1a). There were small
differences among the inoculated treatments but signifi-
cant, except for B3 that showed the smallest value with
an increased biomass of only 13%, as compared to con-
trol, whereas in other treatments the increase was from
30% (B2HAM) to 44% (B3HA, B2HA, B2M, and B2)
(Fig. 1a). Increase in N and P uptake was also observed
in inoculated plants compared to non-inoculated con-
trol plants (Fig. 1b, c). The trend was quite similar to that
of dry plant biomass, with small differences among the
inoculated treatments. In fact, the shoot N content was
about 39% larger than control in B3HA and B3HAM
treatments, followed by B2M and B3M (with 34%
increase), whereas the smallest value (only 9.8% increase)
was observed in B3 (Fig. 1b). Phosphorus content was
greatest in plants from the BBHAM treatment with a 59%
increase over control, followed by that for B2HA, B3M,
B3HA, and B2ZHAM (with about a 40% increase) (Fig. 1c).
Roots were well colonized by AMF in all treatments,
being the percentage of root colonization from 65 to 82%
(Fig. 1d). In general, inoculated plants had a greater myc-
orrhizal colonization than control (Fig. 1d). The B3HAM,
B3M, B3HA, B2M, and B2HA treatments showed the
largest percentage values of root colonization with slight
differences among the treatments.

Fatty acid analysis

The observed PLFA profiles differed significantly among
treatments (Table 2). However, the addition of different
bioeffectors, alone or in combination, did not result in
significant differences in total microbial biomass based
on PLFA analyses, except for the B2 treatment that
reached the greatest value (355.9 ng g~') (Table 2) and
the B2HAM with the smallest values (280 ng g™"). A sim-
ilar trend was observed for the total bacterial biomass.
Nevertheless, several significant shifts were observed in
some microbial groups. In particular, the saprotrophic
fungal biomass was greater in BO than for the inoculated
treatments, except for B2. Conversely, the abundance of
the specific AMF C16:1w5 PLFA marker was greater than
BO control in all inoculated treatments, but particularly
in all B3 treatments with a significant increase ranging
from 46 to 236% and with the greatest value (61.2 ng g%
reached for the BBHAM treatment (Table 2). The PLFA
results related to Gram+ bacteria showed greater val-
ues in all B2 treatments (about 27% in B2) than in con-
trol and B3M, B3HA and B3HAM treatments (Table 2).
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Conversely, the values found for Gram— bacteria did
not change significantly among treatments. However,
the Gram+to Gram— bacterial ratios were greater
than control for all inoculated treatments, indicating an
increase of the relative abundance of Gram+ bacteria
(Fig. 2a). A similar trend was observed for bacterial to
fungal PLFA ratio (Fig. 2b) and for the ratio of AMF to
saprotrophic fungal biomass, as shown by the C16:1w5/
(C18:2w6,9+C18:109) ratio that reached the largest
value in the B3HAM treatment (Fig. 3c).

A correlation between microbial groups and treat-
ments was achieved by applying a multivariate princi-
pal component analysis (PCA) (Fig. 3a, b). The PCA of
the PLFA profiles of microbial groups clearly separated
the treatments with Pseudomonas or Bacillus, alone or
in combination with either mycorrhizal inoculum or
HA. The first two PC1 and PC2 components (Fig. 3a)
accounted for 74.33% of the total variance, while PC1
and PC3 components (Fig. 3b) did for 70.52%. PC1 (51%
of variance) showed negative loadings for AM fungi, but
positive loadings for Gram— and saprotrophic fungi, thus
suggesting an opposite correlation between these micro-
bial groups. Moreover, the placement of B3M, B3HA
and B3HAM along the PC1 suggested an overall positive

correlation with AM fungi, Gram+/Gram— and bacte-
rial/fungal ratios. The negative loadings along the PC2
(23% of variance) were associated to BO and correlated to
saprotrophic fungi, whereas the negative loadings along
the PC3 (19% of variance), were associated to B3M, BOM
and B2HAM and correlated to Gram+-/Gram— ratio. It is
noteworthy that BBHAM was completely separated from
all other treatments and strongly correlated to AMF and
AMEF/saprotrophic fungi ratio (Fig. 3b).

The correlation among nutrients content, root mycor-
rhizal colonization and the fatty acid microbial markers
provided additional information (Table 3). In fact, P con-
tent was positively correlated with AMF marker, AMF/
saprotrophic fungi ratio and mycorrhizal root coloniza-
tion. An opposite correlation was instead found with
saprotrophic fungi and actinomycetes. Nitrogen content
showed also a similar positive correlation with AMF
marker, whereas the negative correlation with sapro-
trophic fungi was not significant.

PCR-DGGE fingerprint analysis

The analysis of DGGE fingerprints by UPGMA revealed
that the bacterial community composition of the different
treatments shared approximately 40% similarity (Fig. 4;
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Additional file 1: Figure S1). All replicates clustered
according to their own treatment delineating consistent
differences among treatments. In general, the strong-
est effects were observed when single bacterial strains
were combined with the mycorrhizal inoculum and/or
with HA. According to pairwise comparisons (Table 4),
B3HAM was the treatment with a major shift in the bac-
terial community composition (d=282.95, P<0.05), as
well as BBHA (d=67.51 P<0.05), although quite similar
differences were observed for all combination treatments
inoculated with B2. Mycorrhizal inoculum alone (BOM)
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did not modify the bacterial community composition,
although the d-values calculated on pairwise compari-
sons (Table 4) suggested a strong shift when it was com-
bined with B2 (d=46.2 P<0.05), markedly greater than
when B2 was applied alone (d=9.34 P<0.05).

Fungal communities gel showed a remarkable diversity
of bands but also suggested a high level of internal vari-
ability (Additional file 1: Figure S2). A cluster profile of
inoculant B3 group treatments was clearly visible, show-
ing how this group strongly affected fungal structural
composition in soil (Fig. 5). The B3 inoculation effect was
confirmed by the permutation test that showed large dis-
similarity values when treatments inoculated with Bacil-
lus were compared to control (Table 4). However, also
in this case, it is noteworthy that both inoculated treat-
ments showed major differences upon combination of
bioeffectors, particularly for B2HA, B3SHA and B3BHAM
(Table 4) while, as shown also for bacterial community
composition, the mycorrhizal inoculum alone did not
affect fungal community composition (Table 4).

Discussion

Plant growth, nutrient uptake and mycorrhizal
colonization

Plant growth and nutrient uptake

We screened two different plant growth-promoting
bacterial inoculants either alone or combined with the
application of HA isolated from a green artichoke com-
post and a mycorrhizal inoculum and evaluated maize
growth using composted manure as fertilizer, under non-
sterilized soil conditions. Our results suggested an overall
capacity of both bacterial BEs, inoculated either alone or
in combination with HA and mycorrhizal inoculum, to
positively affect plant growth and nutrient uptake. These
outcomes indicated that the introduced microorganisms,
in not sterile soil conditions, exploited the applied com-
post and the nutrients contained therein more than the
indigenous microbial communities. Hence, the present
study confirms earlier findings which showed that the
inoculation of Pseudomonas spp. and B. amyloliquefa-
ciens alone enabled an improved plant growth and nutri-
ent uptake [37-39, 64]. Positive effects were revealed also
by the addition of the mycorrhizal inoculum alone, as
widely reported in the literature [10, 11, 65].

In the case of bacterial inoculation alone, the Pseu-
domonas spp. strain showed a better performance in
terms of maize plant growth, and N and P uptake than
Bacillus amyloliquefaciens. This is in line with previous
reports of Thonar et al. [38] and Li et al. [37] on alkaline
soil under a compost fertilization. In the latter work, it
was shown that the two bacterial strains increased plant
P uptake by promoting a fast mineralization and exploita-
tion of compost, thus favoring a rapid microbial growth,
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and enhanced cycling and fluxes of available P over time, and Pseudomonas are able to access organic P forms,
as compared to treatments without inoculation. In fact, indicating their crucial role in the P cycle of soils [66].
most of the species belonging to the genera Bacillus  As recently reported by Eltbany et al. [64], inoculation
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Table 3 Correlation coefficients (R) for statistical relationship
of PLFA microbial markers in soil, AMF:fungi ratio, percentage of
mycorrhizal root colonization and nutrient uptake

N P
% colonization R=0.2558 R=0.4578
P=0.1021 P=0.0023
C16:1Tw5 R=0.3622 R=0.7006
(AMF marker) P=0.0184 P=0.0000
Saprotrophic fungi R=—0.1504 R=-0.3687
P=0.3418 P=0.0163
Gram+ R=0.1881 R=-02140
P=0.2328 P=0.1736
Gram— R=-10.2328 R=-=102140
P=0.1387 P=0.1370
Actinomycetes R=-10.1011 R=-0.3577
P=0.5242 P=0.0200
AMFfungi R=0.3622 R=0.6552
P=0.0405 P=0.0000

The significant values (P<0.05) are in bold

with Pseudomonas spp. and B. amyloliquefaciens FZB42
increased alkaline phosphomonoesterase activity, sug-
gesting an accelerated excretion of P cycling enzymes.
However, when we applied Pseudomonas in combina-
tion with HA or mycorrhizal inoculum, there were no
significant differences in terms of improved biomass or
nutrient uptake in respect to B2 alone, except for P con-
tent in plant shoots in the B2HA treatment. On the con-
trary, although B. amyloliquefaciens alone resulted less
beneficial effect to maize plants than Pseudomonas, its
combined B3M, B3HA and B3HAM treatments showed
an improved plant growth, N and P uptake compared
to B3 alone and the best absolute performance in terms
of P uptake in B3BHAM treatment. Several studies indi-
cated that the combination of Bacillus or Pseudomonas
strains with AMF inocula has beneficial effects on plant
development [18, 19, 67]. Adesemoye [68] found that
mixture of B. amyloliquefaciens and AMF at 70% of fer-
tilization rate produced the same yield as the full ferti-
lization rate without inoculants. As well, a synergistic
interaction between Funneliformis mosseae and Pseu-
domonas fluorescens provided benefits to maize plants
in field conditions [11]. Such bacteria can form biofilm
by producing exopolysaccharides, which allow them to
efficiently colonize roots and mycorrhizal hyphae [69].
However, different bacterial strains may have positive,
negative or neutral effect when combined with specific
AMEF strains on plant performance [10, 18, 70-72]. The
synergistic effects between the two microbial groups
could depend on whether the bacteria are able to solubi-
lize soil P and enhance plant P uptake mediated by AMF.
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A positive effect of P solubilizing bacteria on extraradical
AMEF hyphal growth can help them to access new area of
mycorrhizosphere and increase access by AMF hyphae
to new sources of solubilized P [18]. Interestingly, Bat-
tini et al. [19] reported that several Bacillus strains may
facilitate root growth and P uptake by favoring the devel-
opment of AMF extraradical mycelium. They underlined
that the larger shoot P content in bacterial inoculated
plants was less related to phosphate solubilization than
to bacterial induction of greater root length and soil
hyphal abundance, which were promoted by the pro-
duction of indole acetic acid (IAA), as recently reported
in several Bacillus species [42, 67, 72, 73]. Thus, in our
study, the synergistic or no effect observed could be the
result of different capacity of bacterial strains to release
IAA, stimulate root and hyphal growth, increase the soil
exploitation and/or interact with other microbial actors
in the mycorrhizosphere.

Humic acids were recognized to exert a powerful syn-
ergic action with Bacillus spp. and Pseudomonas strains
increasing plant nutrients uptake, chlorophyll content
and growth [74-77]. In our study, we found a synergis-
tic effect, when HA were combined with each bacterial
strain, especially in improving P uptake, compared to
B2 or B3 alone. Soil microorganisms are able to mediate
complex relationship between HA and P. Bioactive mol-
ecules as HA may induce changes in root morphology
and architecture, promoting an increase of both area and
length of root systems and root hairs [28], favoring the
extension of bacteria association with root surface and
thus their persistency and activity [34]. These structural
interactions between bacteria and plants, in the pres-
ence of HA, may explain the reinforced positive effects
on P uptake for the combination of microbial inoculants
and HA observed in our study. Moreover, it has been
reported a coordinated action between HS and microbial
inoculants, involving the biosynthetic pathway of IAA
that may affect P availability [30]. HS may increase root
exudation and the release of precursor compounds of
IAA as L-Tryptophan that acts as IAA precursor both in
plants and microbes, thus enhancing IAA content in the
rhizosphere with a consequent localized acidification and
the release of solubilized phosphate in soil solution [78].

Mycorrhizal colonization

It has been already shown that AMF colonization of plant
roots is favored by mycorrhiza helper bacteria, such as
various Pseudomonas sp. and Pseudomonas fluorescens
strains and Bacillus strains [6, 11, 18-20, 72, 79]. Our
results showed that all inoculated treatments increased
root mycorrhizal colonization, even if not always statisti-
cally significant. However, inoculation with AMF inocu-
lum slightly increases mycorrhizal root colonization
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over the control treatment that contained a native AMF
community. Interestingly, the two bacterial strains dif-
ferentially affected mycorrhizal root colonization also
in presence of a native AMF community. This indicates
not only that the commercial AM inoculum used in the

present study enhanced root colonization, but also that
the two bacterial strains stimulated a positive response of
the indigenous arbuscular mycorrhizal fungi community.
Accordingly, Ordonez [18] reported that different strains
of Pseudomonas strongly affected colonization of potato
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Table 4 Treatment dependent differences (d-values) based on
DGGE fingerprints of total bacterial and fungal communities in
the rhizosphere of maize plants

Inoculated treatments Bacteria Fungi
B2 9.34*% 8.56%
B2M 46.2% 8.56%
B2HA 58.7% 18.7%
B2HAM 54.2% 10.1*
B3 504* 7.81%
B3M 47.0%* 22.6%
B3HA 67.5% 18.7*
B3HAM 82.9* 22.8*
BOM 0.74 3.23

" Significant (P < 0.05) difference between inoculated treatment and BO not
inoculated

Percent dissimilarity (d-value), average within-group pairwise Pearson’s
correlation, average between-group pairwise Pearson’s correlation, (Kropf et al.,
2004)

roots by AMEF, and this effect was more pronounced in
presence of a native microbial community. It is notewor-
thy that several mycorrhizal helper bacteria release extra-
cellular enzymes favoring the degradation of plant cell
walls, helping the fungus to penetrate the root tissues,
thereby promoting root colonization [72, 80].

Furthermore, in line with previous studies which
showed greater AMF root colonization in co-inoculation
treatments [11, 18], here we observed the greatest per-
centage of AMF root colonization for the B3M, B3HA
and, specially, BBHAM treatments compared to inocula-
tion treatments with B3 alone. The extent of root colo-
nization may vary depending on the bacterial inoculant
strains and AMF combinations [18, 71]. Bidondo et al.
[72] reported some degree of specificity of mycorrhizal
helper bacteria with different AMF species, favoring or
inhibiting spore germination.

The positive effect of the increased mycorrhizal root
colonization on plant performance was underlined by
the positive correlation between shoot P content and
mycorrhizal root colonization (R=0.4578, P=0.0023),
emphasizing the benefit to apply appropriate agricultural
management that enhances mycorrhizal contribution to
crop production.

Microbial community composition

The PLFA analysis and the PCR-DGGE profiles of micro-
bial communities provided interesting insights into treat-
ment dependent shifts. While all inoculation treatments
did not significantly affect the total microbial biomass,
except for B2, both approaches indicated changes in
microbial community composition. Our results showed
that the addition of each bacterial inoculant strain, alone
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or in combination with HA or AMEF, induced significant
shifts in the structure of bacterial and fungal commu-
nities, which were correlated to plant growth promo-
tion and nutrient uptake. The two analytical approaches
evidenced consistent results, indicating both that the
combination of B. amyloliquefaciens with HA and the
mycorrhizal inoculum induced the most extensive change
in the soil microbiome compared to the other treatments.
Our results confirm recent works that reported shifts in
the bacterial community composition in response to the
inoculation with Pseudomonas sp., Bacillus amylolique-
faciens and Pseudomonas sp. RU47 strains in tomato
plants [64, 81]. Interestingly, we found that Gram+ bacte-
ria increased in inoculated treatments, as also evidenced
by the greater values of Gram+/Gram— ratios than for
the uninoculated treatments. This is in line with other
reports showing that inoculation with Pseudomonas spp,
Bacillus amyloliquefaciens and Pseudomonas sp. RU47
increased the relative abundance of the genus Paeniba-
cillus and Bacillus that are classified as Gram+ bacteria
and often regarded as plant-beneficial bacteria promot-
ing plant growth [64, 82]. In addition, Gupta et al. [83]
reported an increase of four times of Bacillus spp. after
inoculation with Bacillus megaterium, suggesting a
healthy association of the introduced microorganisms
with the native population.

It is also interesting to note that all bacterial inoculants,
alone or in combination with HA and AMEF, increased
the specific marker of arbuscular mycorrhizal fungi and
the AMF/saprotrophic fungi ratios more than in the BO
treatment. Furthermore, the growth of AMF, as meas-
ured by the specific PLFA marker C16:1w5, was differen-
tially affected by the presence of the two bacterial strains,
in line with previous studies, showing that the identity
of microbial strains may significantly affect the AMF
spore production and extraradical hyphae growth [18,
72]. Bacillus amyloliquefaciens in combination with HA
alone or with mycorrhizal inoculum strongly supported
the growth of AMF, more than Pseudomonas spp. Inter-
estingly, even if the mycorrhizal root colonization did not
increase significantly in the different B. amyloliquefaciens
treatments, instead the abundance of the AMF hyphae in
the soil increased significantly in BBHA and B3SHAM.

Concomitantly, application of bacterial inoculants
impacted negatively the saprotrophic fungal community
of soil, as shown in all inoculated treatments by fungal
PLFA markers and bacterial/fungi PLFA ratios, which
provided smaller and larger values than control, respec-
tively. Cluster analysis of fungal DGGE profiles confirmed
these findings. Interestingly, isolates of Paenibacillus
have been shown to improve the development of AMF
and suppress a broad range of pathogenic fungi [84].
By considering that also P content varied in accordance



Cozzolino et al. Chem. Biol. Technol. Agric. (2021) 8:31

Page 14 of 18

_-45
50
55
E‘SD
65
5
-100

,
[

B

[
75
80
-85
80
L

L
o

nilElEh L mim

]

Fig. 5 UPGMA cluster analysis based on Pearson similarity matrix of fungal community

B3HA
B3HA
B3HA
B3HAM
B3
B3HAM
B3M
B3HA
B3M
B3HAM
B3HAM
B3M
B3M

BO

B2

B2

B2M
B2HA
B3

B2M
B2HAM
B2M
B2M

B3

B3
B2HA
B2HAM
B2HAM
B2HAM
B2

B2

BOM
BOM

BO

BOM

BO

BO

BOM
B2HA
B2HA
MARKER
MARKER




Cozzolino et al. Chem. Biol. Technol. Agric. (2021) 8:31

with the abundance of AMF and saprotrophic fungi, as
shown by the positive and negative correlation, respec-
tively (R=0.7006, P=0.000; R=— 0.3687, P=0.0163),
these findings suggest that the plant growth promo-
tion and enhanced N and, especially, P uptake could be
related to the abundance and activity of indigenous and/
or introduced AMF and inhibition of saprotrophic fungi.
This agrees with earlier studies showing that the effects of
some PGPM may have been due to their interactions with
indigenous AMEF rather than strictly to their direct induc-
tion of plant growth responses [85]. Such mycorrhizal
boosting effect is claimed for several microorganisms [11,
19, 72]. Eltbany et al. [64] stated that bacterial inoculants,
that stimulate root growth and secretion of phosphatase,
may impact soil microbial communities by an increased
recruitment of indigenous AMF for the colonization of a
larger root system. Similarly, Battini et al. [19] reported
that greater P content in shoots of plants inoculated by
bacteria was less related to phosphate solubilization
than to bacterial induction of an increased root length
and/or hyphal abundance in soil. In addition, bacterial
inoculants release certain molecules that may inhibit the
growth of pathogens detrimental to components of soil
microbial community, thereby, indirectly, promoting
their growth [84]. Cell wall-degrading enzymes such as -
1,3 glucanase and chitinase are known to be involved in
the activity of some P-solubilising microorganisms [86].
Wang et al. [87] isolated two extracellular chitinases from
B. amyloliquefaciens that might be important for the
antagonistic activity against saprotrophic fungi. These
findings may explain, at least partially, the decrease in
the population of saprotrophic fungi observed here in the
inoculated treatments.

In the present study, the BBHAM treatment, and in
general, the treatments where inoculants were combined
with HA showed the best plant performances in terms of
P uptake, had the greatest root mycorrhizal colonization,
AMF/saprotrophic fungi ratios. These findings suggest
that HA addition reinforced the positive effects of the
bacterial inoculants in promoting AMF development and
activity, particularly in combination with B. amylolique-
faciens. Addition of HA may influence processes such as
sporulation, production of external mycelium and myc-
orrhizal colonization [23, 36, 88, 89]. It has been reported
that HA rich vermicompost improved AMF root coloni-
zation, and this effect was further enhanced in combina-
tion with N-fixer bacteria and mycorrhizal inoculation
[36]. Moreover, Canellas and Olivares [34] indicated that
HS may increase the surface area available for adsorp-
tion and establishment of endophytic microorganisms,
thus favoring their survival in the soil environment. In
fact, inoculated bacteria must overcome complex biotic
and abiotic impairing factors to establish a protective
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niche to survive against competitors and predators [30].
For instance, Meyer et al. [90] reported a loss of more
than 99% within 40 days of the inoculated Pseudomonas
protegens CHAO cells. On the other hand, Vassilev et al.
[87] suggested that production of lytic enzymes by inocu-
lants can be stimulated by the presence of organic sub-
stances rich in lignocellulose. Hence, the addition of HA
in combination with bioinoculants may have helped to
control saprotrophic fungi, favoring competitively AMF
population with beneficial effects on plant performance.
Moreover, several reports showed that HA modify the
composition of microbial communities [36, 91, 92]. In
particular, Liu et al. [93], applying amplicon sequencing,
reported that HA applications affected both bacterial and
fungal communities in soil under maize plants. Interest-
ingly, they showed that HA increased fungal phyla, such
as Basidiomycota and Glomeromycota (phylum belong-
ing AMF), thus suggesting that HA enhanced the avail-
ability of soil P concentration by increasing the relative
abundance of Glomeromycota.

Further studies are required to confirm our results in
field conditions and clarify further the specific antago-
nistic or competitive mechanisms involved in the appli-
cation of specific bioeffectors. Although our analytical
approach provided very informative results, deeper
insights could be revealed by applying amplicon sequenc-
ing. Furthermore, it could be useful perform concomi-
tantly root and soil metabolomic analysis.

Conclusions and prospects

Our findings revealed that the PGPM bacteria,
either alone or in combination with HA and/or AME,
improved plant growth and nutrient uptake in com-
parison with plants without inoculation. The synergism
between Bacillus amyloliquefaciens, HA and mycorrhi-
zal inoculum produced the largest increase in P uptake,
while the effect of Pseudomonas spp. combined with
humic acids addition was of a lesser extent. Moreover,
this positive effect was correlated to the shifts in the
microbial community composition. Both techniques
used here to assess the microbial community profiles
(PLFA and DGGE) showed strong influences of bioef-
fectors application on soil microbiome. The results
evidenced that the shifts in microbial communities pos-
itively affected also native AMF community. This was
true for all inoculated treatments, but particularly for
B3 in combination with HA and mycorrhizal inoculum,
showing the largest extraradical mycelium develop-
ment, as indicated by the largest value of PLFA marker
specific for AMF C16:1w5. These findings indicate the
importance of managing the rhizosphere microbiota to
emphasize and exploit the potential natural biological
fertility of soils. Moreover, the positive effects found
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here for HA treatments in combination with bacterial
strains confirm their potential in boosting the capacity
of PGPM to enhance plant performance.

Thus, this study has emphasized the importance of dif-
ferent bioeffectors in improving crop productivity and
the critical need to identify the best performing “consor-
tia” or the selection of agricultural management practices
favoring microbiota with beneficial functions in different
soils and crop species. However, the development of suit-
able formulations and delivery approaches is extremely
important for any field application and acceptance by the
growers. These approaches may lead to develop a new
generation of biofertilizers for crop production under a
bio-sustainable agroecosystem.
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