B Ref. Ares(2024)3199501 - 01/05/2024

EXCALIBUR

Deliverable 5.7
Report on bio-inocula effects on availability of soil

mineral nutrients

Acronym: EXCALIBUR
Grant Agreement: 817946
Horizon 2020 Programme

Author: Javier Cuadros
Version: 8/03/2024

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 817946




D5.7 Report on bio-inocula effects on availability

i& EXCAL] BUR of soil mineral nutrients

Rev. 003 / Date: 8/03/2024

Title: Report on bio-inocula effects on availability of soil mineral

nutrients.

Project acronym: EXCALIBUR

Work Package

Deliverable

Due date

Submission date

Dissemination level

Deliverable lead

Keywords

WP5.6

5.7

M45 (Feb/2023)

M58 (Mar/2024)
Public
Javier Cuadros

Javier Cuadros, Nastasia Baudin, Anne D. Jungblut, Hester van Schalkwyk

Microcosm experiments were carried out with four soils from experimental
crop sites in the Excalibur project, from Italy (provided by RiNOVA), Poland
(InHort), Germany (KOB) and Austria (TU Graz). They were inoculated with
individual species used in the project, two bacteria and one fungus: Bacillum
subtilis (provided by INTERMAG), Paenibacillus polymyxa (InHort) and
Clonostachis rosea (KIS). The objective was to test the capacity of these bio-
inoculants to dissolve minerals and increase the bioavailable Fe, P, K and Mg.
The soils were spiked with iron phosphate, potassium feldspar and talc, 3
wt% of each. The incubation was carried out for 6 months in controlled
conditions of temperature (25°C) and humidity to avoid desiccation. Before
and after experiments the soils were investigated with chemical,
mineralogical and environmental DNA techniques to detect mineral
dissolution, the concentrations of bioavailable metal nutrients and the
modification of the microbial (bacteria and fungi) community compositions.
Metal concentrations were measured in four soil fractions: water soluble,
weakly adsorbed on minerals, adsorbed on organic matter and insoluble
residua. Thirty one percent of the experiments successfully increased
bioavailable metal nutrients, adsorbed in minerals and organic matter. C.
rosea was the most efficient bio-inoculant with 15% success rate. Increased
proportions of bioavaliable metals appeared to be produced by the
increased activity of a wide range of bacterial phyla, while the activity of the
phylum Ascomycota, which includes the bio-inoculant C. rosea, appeared to
be the only relevant one among fungi.

Bioinoculants, Iron, Magnesium, Metal bioavailability, Microbial population,
Mineral dissolution, Phosphorous, Potassium, Soil.
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1. Experiments

Selected bio-inoculants have been tested for their ability to enhance the ability of soil microorganisms to
solubilize mineral nutrients and make them available to the ecosystem.

Four soils were selected among those investigated in the Excalibur project, based on the widest possible
range of three characteristics: pH (linked to carbonate content), texture and organic carbon content. The
selected soils were provided by the partners RiNOVA (Italy), TU Graz (Austria), InHort (Poland) and KOB
(Germany).

Three bio-inoculants were selected on the basis of known mineral dissolution ability, abundance in the
environment and to include both bacteria and fungi. They were Bacillus subtilis, Paenibacillus polymyxa
and Clonostachys rosea, provided by the partners INTERMAG, InHort and KIS, respectively.

The key nutrients selected were Fe, Mg, P and K, based on their importance for plant growth and that they
are required beyond trace levels. To ensure that they would be present in sufficient amount and to
facilitate quantification of their extraction, three minerals were added to the soils in known proportions (3
wt%): iron phosphate (Fe, P), talc (Mg) and potassium feldspar (K).

After inoculation the soils were incubated in a growth cabinet for six months in the dark under controlled
conditions of temperature (25°C) and humidity (water vapour saturation), using one single bio-inoculant in
each soil. After the experiments, the soils were analysed using X-ray diffraction for mineral content; the
soils were fractionated into four reservoirs (water-soluble, weakly adsorbed on minerals, adsorbed on
organic matter and mineral residua) and each reservoir was chemically analysed for the selected nutrients
using ICP-AES. Soil cores were extracted and investigated with optical microscopy to study macropore
modification during the trials. Cores were investigated with SEM-EDS (element mapping of core polished
sections) to assess morphological or volume variations of minerals. Environmental DNA analyses were
carried out to investigate soil microbial community composition and diversity, bio-inoculant abundance,
impact on the microbial community and modification of the microbial functional traits.

2. Results

2.1 Bio-inoculant performance
The main results relate to what bio-inoculant was most successful in performing better than the
corresponding control experiment (no bio-inoculant present; post-hoc test after ANOVA). These results are
summarized in Table 1. A limited number of treatments showed improvement over controls (31%). C. rosea
was the bio-inoculant that displayed the greatest rate of success. The scored successes are unevenly
distributed across the several soils, indicating a link between the mineral-physico-chemical-biological
characteristics of the soils and the action of the bio-inoculants. The effect on the several nutrients was also
different. Improvement of nutrient bioavailability was only through weak adsorption on minerals and
adsorption on organic matter, and in similar proportion.
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TABLE 1. Performance across experiments based on availability of metal
nutrients from chemical analyses of soil fractions.

Experiments better than controls

Bio-inoculants :
(% experiments)

Bacillus subtilis

Paenibacillus polymyxa

Clonostachys rosea

Italy (RINOVA)

Germany (KOB)

Austria (TU Graz)

Poland (InHort)

Fe

Mg

P

Soil fractions

Soluble

Weakly adsorbed on minerals 15

Organic matter 17

2.2 Correlation of results from mineral-chemical and microbiological results
It was expected that X-ray diffraction would produce information to compare independently with chemical
data (ICP-AES) in the assessment of solubilization of minerals. The extent of mineral solubilization,
however, was below the accuracy of X-ray diffraction. In any case, all results, including those from X-ray
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diffraction, were used to investigate the reasons of the bio-inoculant performances obtained. The most
salient conclusions are presented in the next section.

3. Interpretation

3.1 Impact of bio-inoculants on the microbial populations
The environmental DNA analysis of the microbial communities (16S rRNA and ITS region for bacteria and
fungi, respectively) in the soils as received from the field and after the experiments shows that the
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FIGURE 1. Differences between soils (x-axes) and between original and inoculated soils after the
experiments (y-axes), corresponding to bacteria (left) and fungi (right).

communities were different for the four soils and how they were modified in the experiments. In both
cases, bacteria and fungi, there is no overlapping of the original soils (circles, x-axes), indicating that they
have distinct compositions. The range of vertical variation (triangles) indicates that the community
composition after the experiments were modified for the bacteria (circles do not overlap with triangles)
whereas they were not modified for the fungi (circles and triangles cluster together), with the exception of
some outliers and perhaps of the Italian soil.

The impact of the specific bio-inoculants is shown in Figure 2, where the microbial assemblages
corresponding to each bio-inoculant are represented relative to each other. B. subtilis experiments
generated bacterial communities most different from the control experiments with the German and Polish
soils. C. rosea had the same effect for the fungal community in the German and Italian soils. These results
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correlate with the facts that (1) C. rosea and B. subtilis are the two bioinoculants with the greater success
rates (Table 1) and (2) the German soil scored the highest rate of bio-inoculant success.
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FIGURE 2. Relative community composition (fields within polygons) generated by each bio-inoculant or in
control experiments (different colours). Data are from PCA ordination of the Bray-Curtis dissimilarities
among samples measured at the ASV level.

3.2 Biological causes of enhanced metal bioavailability
Further interrogation of data can be made as to whether the effects of bioinoculants were due to the large
development of the inoculant itself or by the wider, modified microbial population. Figure 3 shows that the
relative proportions of microorganisms within the same genera of the bio-inoculants changed from the
original soils to the control experiments and across the inoculated soils. Important to note, only a few of
the species of each genus could be identified, and none of the species inoculated were among the
identified species. For this reason, it is not possible to know the relative abundance of the bio-inoculants in
the samples. At this level, no clear correlations appear between genus abundance and the bio-inoculants
(Figure 3), which suggests that the successful increase of bioavailable metal nutrients was due to a complex
combination of causes, including the interaction between microbial species.

Principal component analyses (PCA) of concentrations of bioavailable metal nutrients with the bacterial and
fungal population compositions (Table 2) showed a good correlation between them for all variables (high
correlation coefficient, low p.value) except dissolved Fe (low correlation coefficient, high p.value). Iron
adsorbed on organic matter had a lower correlation than the other variables. These results indicate that
the variable composition of the bacterial and fungal populations, separately, could explain well the changes
of the bioavailability of the metal nutrients, excepted dissolved Fe, which can be explained. Magnesium and
K are soluble, while P solubility is dependent on Ca concentration in the medium. Iron, however, is
insoluble due to immediate hydrolysis and precipitation of Fe oxyhydroxides, so that dissolution of the
mineral where it is lodged does not necessarily cause it to become bioavailable.
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FIGURE 3. Relative abundance of microorganisms of the Bacillus, Paenibacillus and Clonostachis genera in
the original soils (field controls), controls and inoculated experiments. There are no data on the ITN DNA
region of the original German soil. This is indicated by the question mark in the corresponding bar.

TABLE 2. Correlations of pH and bioavailable metal nutrients with the composition of the microbial

populations.
Variables Correlation coeff. p.value for
for bacteria bacteria for fungi
pH 0.668 0.001 0.675 0.001
Fe dissolved 0.001 0.415 -0.026 0.745
Mg dissolved 0.690 0.001 0.680 0.001
K dissolved 0.452 0.001 0.445 0.001
P dissolved 0.506 0.001 0.458 0.001
Fe ads. mins. 0.390 0.001 0.422 0.001
Mg ads. mins. 0.711 0.001 0.703 0.001
K ads. mins. 0.412 0.001 0.423 0.001
P ads. mins. 0.190 0.001 0.263 0.001
Fe ads. OM 0.146 0.004 0.131 0.005
Mg ads. OM 0.449 0.001 0.467 0.001
K ads. OM 0.344 0.001 0.333 0.001
P ads. om 0.324 0.001 0.327 0.001

ads. mins = weakly adsorbed on minerals

ads. OM = adsorbed on organic matter.

Page 8/11



E D5.7 Report on bio-inocula effects on availability

%_ EXCAL] BUR of soil mineral nutrients

Rev. 003 / Date: 8/03/2024

The correlations in Table 2 are shown in greater detail in the heat maps of Figure 4. Dissolved Fe correlates
highly only with the bacterial phylum Deferrisomatota (red arrow), which reduces Fe3* to Fe** and causes
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FIGURE 4. Heat maps displaying the Pearson correlation of the population size of individual bacterial and
fungal phyla with concentration of metal nutrients and pH. Red and blue shades indicate positive and
negative correlations, respectively. The significance of the correlation increases with colour intensity and
number of stars. Key to numerical symbols: 1 = in solution; 2 = weakly adsorbed on minerals; 3 =

adsorbed on organic matter.
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mineral dissolution. Divalent Fe, more soluble than Fe**, can be complexated by biogenic anions, which
precludes oxidation and maintains Fe in solution. This explains that only a substantial presence of
Deferrisomatota bacteria can elevate the concentration of dissolved Fe. One more phylum worth
highlighting is Acidobacteriota, which correlated strongly with bioavailable P, Mg and K (orange arrow),
hinting at acid attack as a successful mechanism of metal leaching. Many bacterial phyla correlated well
and positively with available metal nutrients, and some did with many of the metals. However, Firmicutes,
the phylum of B. subtilis and P. polymyxa only correlated well with K adsorbed on organic matter. Contrary
to bacteria, only one phylum of fungi, Ascomycota (red arrow in Figure 4), the phylum of C. rosea,
correlated highly with a large group of bioavailable metal nutrients. Accordingly, successful increase of
metal nutrient bioavailability is possibly adscribed to promotion of the activity of a wide range of bacteria,
whereas the only fungi with such effect are Ascomycota, which include the bio-inoculant C. rosea.

3.3 Acid attack as a likely mechanism of enhanced metal bioavailability
One of the most common mechanisms of microbial mineral attack on minerals to extract metal nutrients is
acid leaching. Although the acidification takes place locally, the bulk pH may indicate the extent of acid
secretion. Figure 5 shows that the differences were not large and varied between soils. However,
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FIGURE 5. pH of soils from Italy (A), Austria (B), Poland (C) and Germany (D), after the experiments. Error bars
represent standard error of the mean, n=3. Different letters indicate significant differences between treatment
(Dunn's test, p < 0.05).

the results show a tendency of C. rosea (the most successful bio-inoculant) to lower the pH in two out of
the four experiments, and that the most substantial lowering of the pH for all microorganisms took place in
the German soil (the soil where most successful results were obtained, Table 1). It is, then, likely that the
extent and intensity of acid attack by microorganisms was an important mechanism of mineral leaching and
metal release, an interpretation supported by the correlation found between presence of Acidobacteriota
and several bioavailable metal nutrients (Figure 4).
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4. Conclusions

e 31% of the experiments with bio-inoculants were successful in producing higher amounts of
bioavailable metal nutrients than their corresponding controls (with no bio-inoculant).

e The success rates of the bio-inoculants were: C. rosea (15%), B. subtilis (10%), P. polymyxa (6%).

e Increases of metal nutrient availability by the bio-inoculants above control experiments were
measured as weakly adsorbed on minerals and on organic matter, not as water-soluble.
Adsorption of nutrients on minerals and organic matter is advantageous for both their
retention in the soils and bioavailability.

e Successful increase of bioavailable metal nutrients by bio-inoculants was dependent on the
nutrient and the soil.

e Statistical variations of the microbial population compositions of bacteria and fungi, separately,
explain well the variations of bioavailable metal concentrations. For bacteria, bioavailability
increments appear to be due to bio-inoculants promoting the activity of a wide range of phyla.
In the case of fungi, the activity of Ascomycota, the phylum of the bio-inoculant C. rosea,
appears to be the main cause of the increased metal bioavailability.
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