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Abstract

Manipulation of soil microbial communities through inoculants or amendments can improve crop nutrition. However, to what
extent these benefits vary depending on soil properties is not yet understood. Thus, here we studied the effects of microbial
inoculants and the application of labile organic C on the yield and uptake of micronutrients and P in wheat (Triticum durum)
in different soils. The application of Bacillus subtilis QST713, Trichoderma asperellum strain T34, and cellulose was tested in
ten soils varying greatly in properties in a pot experiment. Microbial inoculants and cellulose increased dry matter (between
5 and 10%) and grain yield (between 15 and 20%), regardless of the soil. Some treatments triggered nutrient mobilization
mechanisms such as phosphatase and oxalate production. However, total Zn and P in plants did not increase with treatments,
and their effect on Fe and Mn varied depending on soils. The effect of B. subtilis and T. asperellum improving Fe uptake by
plants decreased with increasing pH and also with decreased microbial activity in soil. Inoculants and cellulose increased
the Zn harvest index and decreased the P-to-Zn ratio in grains independently of the soil. This was probably ascribable to
changes in the distribution of phytohormones in plants. Microorganisms and cellulose improved wheat yield, the portion of
absorbed Zn accumulated in grains, and grain quality. These effects did not depend on the soil. However, the effect on Fe

and Mn nutrition was affected by soil pH and microbial activity.
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1 Introduction

Micronutrient deficiency is a relevant agronomic problem
that restricts crop yields and quality in soils with basic pH
(Alloway 2009; Mousavi 2011; Ryan et al. 2013; Rengel
2015; Moreno-Lora et al. 2020). Furthermore, low Fe and
Zn concentration in cereals can cause nutritional problems
for humans in regions with cereal-based diets (Cakmak
et al. 2010; Borrill et al. 2014; Wang et al. 2014; Zhao et al.
2014; Cakmak and Kutman 2018). Overcoming micronu-
trient deficiency and biofortification of crops to increase
their concentration in edible parts requires the application
of fertilizers (McBeath and McLaughlin 2014; Moreno-Lora
et al. 2019). However, these fertilizers are expensive and
not always efficient due to their reactions in the soil (Allo-
way 2009; White and Broadley 2009; Zhang et al. 2012).
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Phosphorus deficiency can also be frequent in soils prone to
micronutrient deficiency. On the other hand, this nutrient can
promote nutritional antagonisms with Fe and Zn, decreasing
its availability to plants (Moreno-Lora et al. 2022; Recena
et al. 2021). Therefore, more cost-effective and sustainable
practices are required to supply micronutrients to crops
(Moreno-Lora et al. 2019). Regarding this, some microbial
inoculants have been shown to be effective in increasing the
availability of micronutrients to plants (de Santiago et al.
2009; 2011; 2013; Khande et al. 2017).

The soil microbiota plays a key role in the soil nutrient
cycle, solubilizing insoluble compounds that lead to an
increase in exchangeable micronutrient concentration with
increase in availability to plants (Ramesh et al. 2014).
Soil microorganisms trigger mobilization mechanisms in
response to nutrient deficiency (Marschner et al. 2011). This
may enhance the availability of nutrients to plants (Garcia-
Loépez et al. 2021). These mechanisms involve acidification,
the release of low molecular weight organic acids, chelating
agents (e.g., siderophores), and hydrolytic enzymes (Zhao
et al. 2011; Rengel 2015). As a particular case, the efficiency
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in mobilizing Zn by the Bacillus genera has been mainly
ascribed to the production of organic acids and decreased
rhizosphere pH (Ramesh et al. 2014; Mumtaz et al. 2019).
However, the microbial mechanisms that contribute to
the improvement of micronutrient uptake by crops and
the functioning of these mechanisms under different soil
conditions are not fully elucidated.

Many soil microorganisms influence plant nutrition and
development by producing phytohormones or affecting
their transport and signaling pathways (Spaepen 2015;
Kudoyarova et al. 2019). Indole-3-acetic acid (IAA)
produced by rizhospheric microorganisms promotes plant
growth and morphological root changes. This leads to an
increased root surface that allows for an enhanced uptake
of nutrients (Sukumar et al. 2013; Owen et al. 2015; Gouda
et al. 2018). Gibberellins (GA3), cytokinins, and abscisic
acid (ABA) produced by microorganisms such as B. subtilis
may also affect root and plant development (Arkhipova
et al. 2005; Singh et al. 2017). Therefore, the benefits
of microorganisms are attributed not only to improved
nutrient mobilization from the soil, but also to the effects
on plant physiology that lead to an increased capacity to
absorb nutrients (Qiu et al. 2019; de los Santos-Villalobos
and Parra-Cota 2020). Consequently, it is necessary to
take into account the possible effects on phytohormone
homeostasis as a relevant mechanism that explains the effect
of microorganisms on plant growth and nutrition.

The activity of rhizospheric microorganisms is strongly
affected by soil properties (Shi et al. 2013; Owen et al. 2015;
Ma et al. 2017; Nguyen et al. 2019a, b). In particular, the
composition, size, and activity of microbial communities
in the rhizosphere can be modulated by the quantity and
quality of carbon (C) sources in soil (Hobbie and Hobbie
2013). Therefore, applying a labile C source to the soil
can stimulate the activity of native soil microorganisms
(Demoling et al. 2007). This may promote the mobilization
of nutrients that induce benefits on plant nutrition (Kuzyakov
2002; de Santiago et al. 2013; Moreno-Lora et al. 2019).

In addition to organic carbon, other soil properties affect
the establishment, activity, and potential benefits of microbial
inoculants (Garcia-Lopez et al. 2018). Different authors have
reported the effects of microbial inoculants on micronutrient
nutrition and biofortification (Singh et al. 2017; Moreno-
Lora et al. 2019; Nguyen et al. 2019a, b). However, most of
these studies have been conducted with a reduced number of
soils. Therefore, the influence of soil factors on the benefits
of microbial inoculants has been poorly evaluated. This
is a relevant aspect for fully understanding how microbial
mechanisms may enhance the nutrition of plants.

The benefits of microbial inoculants and the supply
of organic C in plant nutrition and biofortification must
be confirmed in a wide range of soils to provide solid
recommendations in their use. We hypothesized that the

@ Springer

application of organic amendments or microbial inoculations
will have three positive effects on crops: (i) improve the
growth and yield, (ii) improve the uptake of micronutrients
and P, and (iii) increase the portion of micronutrients
accumulated in the edible part of the crop, that is, the
harvest index of nutrients. This work aims to assess the
effects of the application of a readily available source of
C and two microbial inoculants, Trichoderma asperellum
T34 and Bacillus subtilis QST713, on the nutrition of
micronutrients and P and the growth of plants in different
soils. Both microbial inoculants were selected because they
have a capacity to mobilize nutrients (de Santiago et al.
2013; Garca-Lopez et al. 2018). To explain possible effects,
we will study the effect of these treatments on organic acids
and hydrolytic enzymes release in the rhizosphere and on the
concentration of phytohormones in plant roots. The study
has been conducted in a set of soils with a wide range of
properties to better understand the microbial mechanisms
involved in the supply of nutrients to plants and to assess the
consistency of the results in different edaphic environments.

2 Material and Methods
2.1 Experimental Design

A randomized block experiment with four replications
was performed using durum wheat plants (7riticum durum
cv Amilcar). It was carried out in pots under controlled
environmental conditions in a growing chamber, involving two
factors: (i) soil type and (ii) treatments that affect microbial
activity in the rhizosphere. The treatments were two microbial
inoculants (Bacillus subtilis QST713 and Trichoderma
asperellum strain T34), source of labile C, B-cellulose (CF11,
Whatman), and a control without treatment.

2.2 Soils

Ten soils were selected for the study in different locations
in Spain (Figure S1, Supplementary material). Soil samples
were taken from O to 20 cm depth, defining an area of
around 1000 m? in each sampling site from which at least
12 soil cores were taken. The sampling sites were selected
to achieve a wide range of soil properties, such as clay, Fe
oxides, and carbonate content, that can affect the availability
of P and micronutrients to plants. This selection was made
on the basis of color and a proxy estimate of textural classes
in the upper soil horizon. The soil samples were air dried
and sieved to <4 mm for the pot experiment and to <2 mm
for soil characterization (Table 1).

For soil characterization, the following properties were
analyzed: particle size distribution by pipette method
(Gee and Bauder 1986), soil organic carbon (SOC) by the
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Table 1 Soil taxonomy (soil orders according to Soil Survey Staff, 2014) and main properties and P and Zn availability indices of studied soils

Soil and taxonomy Sand Silt Clay SOC ACCE CCE pH EC CEC DTPA extractable Zn,, OlsenP
Fe Cu Mn Zn
gkg! pS cm=!  cmocl, kg™! mgkg™!

BLGZ2 Inceptisol 450 220 108 4.9 72 231 8 397 14.4 36 3 53 041 1 26
BLGZ3 Inceptisol 475 253 116 5.1 56 153 83 132 14.8 3.1 1.2 44 027 1 7.5
LCVZ1 Alfisol 484 102 385 74 28 32 82 163 24.5 6.6 54 131 028 038 9.3
LCVZ4 Alfisol 426 135 387 74 16 44 8.1 178 24.6 66 24 115 040 1 16.7
OTRZI Inceptisol 264 184 383 3.2 71 174 82 116 20.0 59 03 78 01 04 4.7
OTRZ2 Inceptisol 311 191 355 108 54 150 82 197 18.1 6 0.5 127 024 1 7.5
RCNZI1 Inceptisol 767 43 162 5.5 0 0 74 55 12.1 13.7 12.8 10 031 1.1 9.4
RCNZ2 Inceptisol 794 41 170 5.5 0 0 7.2 132 13.9 109 157 147 025 15 21.7
VGTZI Inceptisol 787 89 127 5.8 0 0 8 102 8.0 10.7 0.7 154 038 1.1 22.8
VGTZ2 Inceptisol 810 100 92 5.8 0 0 8 119 7.7 10 06 159 049 05 23.1

SOC soil organic carbon, ACCE active calcium carbonate equivalent, CCE calcium carbonate equivalent, EC electrical conductivity in the
saturated extract, CEC cation exchange capacity, Zn,,, pyrophosphate-extractable Zn

Walkley and Black oxidation method (1934), total equiva-
lent CaCO; (CCE) using a calcimeter, active Ca carbonate
content (ACCE; Drouineau 1942), soil pH, and electrical
conductivity (EC) in a 1:2.5 soil/water extract and cation
exchange capacity (CEC) by the NH,OAc method (Sumner
and Miller 1996).

The availability of micronutrients and phosphorus in
soils was assessed by DTPA extraction (Lindsay and Norvell
1978) and as Olsen P (Olsen et al. 1954), respectively. For
DTPA extraction, soil samples were mixed with extractant
(0.005 M diethylenetriaminepentaacetic acid, 0.1 M trietha-
nolamine, and 0.01 M CaCl, at pH 7.3) at a rate of 1:4 (w:v).
The suspension was shaken in a falcon tube at a frequency
of 2.7 s™! for 120 min. Subsequently, suspensions were cen-
trifuged at 1260 g for 15 min, and micronutrient concen-
tration in supernatants was determined by atomic absorp-
tion spectrometry in a Soolar M device (Thermo, Madrid,
Spain). The Olsen P (Olsen et al. 1954) was determined by
extraction with 0.5 M NaHCOj; at pH 8.5 in a soil extract-
ant ratio of 1:20 (w:v) shaking at 2.7 s~! during 30 min.
After extraction, suspensions were centrifuged at 1260 g for
10 min, and the concentration of P in the extract was deter-
mined colorimetrically by the molybdate blue method (Mur-
phy and Riley 1962) in a Unicam UV2 spectrophotometer
(Thermo, Madrid, Spain). Zinc bound to the organic matter
fraction weakly associated to mineral matrix (Lopez-Sangil
and Rovira 2013), which can be indicative of available Zn
for plants (Moreno-Lora et al. 2020), was determined. This
was done by extraction with sodium pyrophosphate (Zn,,)
following Reed and Martens (1996). To do this, 0.25 g of
soil were mixed in a ratio of 1:100 (w:v) with 0.1 M Na-
pyrophosphate and shaken at 4 s~! for 16 h. The suspension
was then centrifuged (1260 g, 15 min), and the collected

supernatant was centrifuged again at 17,900 g for 15 min
to decant colloids. The concentration of Zn in the extract
was determined by atomic absorption spectrometry using
the same device mentioned above.

2.3 Plant Growing Conditions

The seeds of durum wheat were disinfected by immer-
sion in 5% NaClO according to de Santiago et al. (2011)
and pre-germinated at 8 °C under darkness in Petri dishes
before transplanting to a perlite seedbed. Later, at stage
7.1.3 of Zadoks scale (Zadoks et al. 1974), individual plants
were relocated into 350-ml polystyrene cylinders (15 cm
high x 5.5 cm diameter) containing 300 g of soil. The
cultivation was carried out in a growing chamber with a
photoperiod of 16 h (300 umol m~2 52 of light intensity),
at 25/18 °C of temperature and 40/60% relative humidity
day/night. The plants were daily irrigated using a modified
Hoagland nutrient solution without P and Zn and with a
limited supply of other micronutrients. This solution con-
tained (mmol 17'): Ca(NO,), (5), KNO; (5), MgSO, (2), KCl
(0.05), H;BO; (0.024), MnCl, (0.0023), Fe-EDDHA (0.02),
CuSO, (0.0005), and H,MoO, (0.0005). A total volume of
800 ml per pot was applied during cultivation that ended
when the plants reached the Z9 stage of the Zadoks scale.

2.4 Application of Treatments

Commercial microbial inoculants were applied as described
by Garcia-Lépez et al. (2016). Bacillus subtilis (Serenade
Max, Bayer CrospScience, with an inoculum concentration
of 5-10'* CFU kg™') was inoculated at a rate of 2-10* colony-
forming units (CFU) per gram of soil. To this end, 20 ml of
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an aqueous suspension contain 3-10° CFU ml~! over the soil
surface in each pot at four different points around the plants.
The product was tested before inoculation in a nutrient agar
medium following the procedure of Tuitert et al. (1998).
Trichoderma asperellum (Biocontrol Technologies, Barce-
lona, Spain, with an inoculum density of 10'> CFU kg™
was inoculated at a rate of 10* conidia per gram of soil, as
described by de Santiago et al. (2009). To do this, before
transplantation, plants were immersed in a water suspen-
sion with 10% conidia m1™!, and later 20 ml of an aqueous
suspension (1.5-10° conidia mL~") were applied over the
soil surface in each pot at four different points around the
plants. B-cellulose treatment was applied at a rate of 200 mg
C per kg of soil split in two applications: at the beginning
(Z1.3) and in the middle (Z5.1) of the crop cycle, following
the same procedure as in inoculation: applying a volume of
20 ml of water suspension (3.4 g of B-cellulose per 1) on the
soil surface in each pot at four different points around the
plants. The application of cellulose was split to avoid losses
due to irrigation and to maintain a more constant effect
throughout the crop cycle. The C content was 0.44 g per g
of B-cellulose. The pots without treatments (controls) were
irrigated with 20 ml of water to balance the water content
in all the pots. For both inoculants, the concentration of C,
N, and P was in the range 7-8%, 1-1.1%, and 0.12-0.13%,
respectively; in both cases, micronutrient concentration was
not detectable. This implies that the supply of C or nutrients
at the dilutions at which inoculants were used is negligible.

2.5 Harvest and Analysis of Plants

Immediately after harvest, roots, shoots, and grains were
separated and dried (65 °C, 48 h) in a forced air oven to
determine the dry matter (DM) in each organ. Roots were
cleaned by immersion in distilled water and by ultrasonic
treatment for 1 min. Subsequently, fresh weight was deter-
mined, and a portion of fresh material was kept for hormone
determination. The other portion was dried as described
above and weighed to determine DM. The harvest index
(HI) was calculated as the ratio of grain DM to total in all
aerial parts.

The portion of fresh roots for hormone analysis was
immediately weighed and frozen in liquid nitrogen (— 70 °C)
after sampling. The samples were then ground (<1 mm)
using liquid nitrogen and extracted overnight in the dark
with 10 ml of 80% cold aqueous methanol (<0 °C). The
extract was centrifuged (2470 g, 15 min at4 °C) in a 15-ml
falcon tube, and the supernatant was collected. The rem-
nant was extracted following the same procedure 3 addi-
tional times. The total volume of the supernatant was dried
in a rotary evaporator and dissolved in 2.5 ml of methanol.
Indoleacetic acid (IAA), abscisic acid (ABA), and gib-
berellins 3 (GA3) in roots were determined by injection
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of the extract into a reverse phase HPLC Varian ProStar
410 instrument furnished with a column C18 (Varian,
250 mm X 34.6 mm, 8-um particle size) using as mobile
phase methanol-0.6% ethanoic acid, with gradient elution,
column temperature 35 °C, injection volume of 10 pl, and a
flow rate of 1 ml min~!. Detection was performed at 254 nm
according to Tang et al. (2011).

For mineral nutrient analysis, 0.25 g of dried and milled
(< 1 mm) plant material was mineralized in a muffle furnace
at 550 °C for 8 h. After calcination, the ashes were dissolved
in 10 ml of 1 M HCI. This solution was heated (100 °C,
15 min) to ensure full recovery of nutrients. Micronutri-
ent concentrations (Zn, Fe, Mn, and Cu) in the digest were
determined by atomic absorption spectrometry and P con-
centration colorimetrically (Murphy and Riley 1962). The
total P and micronutrients in the plants were calculated as
the sum of product of the DM in each organ and its nutrient
concentration. Nutrient harvest indices (HI) were calculated
as the ratio of the total nutrient accumulated in the grain to
that accumulated in all aerial parts of the plant. The P-to-Zn
and P-to-Fe molar ratios were calculated as the quotients
of P and Zn or Fe concentrations in grains. The phosphate
in grains is present mainly as phytate, which inhibits the
absorption of Zn and Fe during digestion, thus decreasing
the grain value for the supply of Zn and Fe in diets. There-
fore, these molar ratios are commonly used as an index of
potential nutritional quality for humans (Miller et al. 2007;
Gomez-Coronado et al. 2019).

2.6 Chemical, Microbiological, and Biochemical
Analysis of the Soil

Soil samples for analysis were collected at harvest from
rhizospheric soil by shaking it off from the roots in air as
described by Wang et al. (2009). Thus, only the soil adherent
to the roots was considered (Nazih et al. 2001). Immediately
after sampling, the wet soil samples were sieved to <2 mm
and homogenized for chemical, biochemical, and micro-
bial analysis. A portion of them was air-dried and used to
determine pH and EC (1:2.5 in water) and further chemical
analyses.

The population density of B. subtilis and T. asperel-
lum in rhizospheric soil was measured by dilution plating
according to Tuitert et al. (1998). To this end, a suspension
with 5 g of soil and 90 ml of 0.1% Na-pyrophosphate was
shaken (2.5 s™!, 30 min) to promote the disruption of soil
aggregates. Then, five-fold dilution series were prepared
from an original dilution of 1 ml of vortexed suspension
in 9 ml of 0.1% water agar. From each dilution, 0.1 ml
were pipetted into 3 replicate plates, containing a modified
semiselective culture media for T. asperellum (Chung and
Hoitink 1990) prepared according to Borrero et al. (2012).
The colony-forming units (CFU) were counted 4 days after
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plating and expressed as CFU per gram of soil. Similarly,
B. subtilis was isolated in a semiselective culture medium
(400 ml of filtered V-8 juice®, 40 g of NaCl, 1 g of dex-
trose, 20 g of agar, and 600 ml of Millipore water, adjusted
to pH 5.2 before autoclaving) as described by Turner and
Backman (1991). The suspensions were heated (80 °C,
10 min) in a water bath before preparing the dilution series
(Tuitert et al. 1998). The CFU were counted twice, 48 h
after plating to determine Bacillus spp. and a week after
plating to determine and confirm the presence of B. subtilis
based on colony morphogenesis as described by Aguilar
et al. (2007).

The concentrations of low molecular weight organic
anions in the rhizosphere were determined by high-per-
formance liquid chromatography (HPLC) according to
Gao et al. (2012). Soil extractions with 0.1 M NaOH
were carried out in a 1:1 ratio (w:v) by shaking the
mix (4 s~ !, 90 min) (Radersma and Grierson 2004) as
described by Garcia-L6pez and Delgado (2016). The sus-
pensions were centrifuged at 1260 g for 10 min, and the
collected supernatants were centrifuged again at 17,900 g
for 10 min. The extracts were then acidified to pH 2-3
with 0.1 M H,SO, and filtered through a 0.20-pm mem-
brane filter before being separated on an HPLC Varian
ProStar 410 instrument. To this end, the HPLC was fur-
nished with a column C18 (Varian, 250 mm X 34.6 mm,
particle size of 8-um particle size). The elution method
was isocratic with 98% 5 mM H,SO, at pH 2 plus 2%
methanol at 0.8 ml min~! as carrier solution and 20 pl
injection volume. Detection of organic anions was per-
formed at 215 nm, using a Varian 486 photodiode array
detector. Individual standard solutions of acetic, oxalic,
citric, malic, fumaric, and succinic acid, all from Sigma
(Barcelona, Spain), were used for the identification of
organic anions. Only oxalate was detected in the extracts.

The siderophores in the rhizosphere were determined
by measuring the amount of Fe’>* complexed by them.
The colorimetric method (Schwyn and Neilands 1987)
uses the affinity of siderophores for Fe** and a ternary
complex (chrome azurol S/iron (IIT)/hexadecyltrimeth-
ylammonium bromide —CAS-) as an indicator, with an
extinction coefficient of 100,000 M~' cm™" at 630 nm.
The siderophore moves Fe from the indicator which
changes from blue to orange at pH 5.6. To extract sidero-
phores from the rhizosphere, the same soil extraction
procedure was used for organic anions, and 0.5 ml of this
extract was mixed with 0.5 mL of CAS assay solution
(Schwyn and Neilands 1987). After reaching equilibrium
(6 h), the absorbance was measured at 630 nm and com-
pared with a reference without soil extract.

Enzyme activities in the rhizospheric soil were deter-
mined at harvest. Dehydrogenase activity was determined
after soil incubation (37 °C in darkness, 24 h) in falcon

tubes containing 1 g of soil, 0.01 g of CaCO;, 0.25 ml
of 3% 2,3,5-triphenyl-tetrazolium chloride (TTC), and
0.875 ml of water. The triphenyl formazan (TPF) pro-
duced was sequentially extracted (three times) by add-
ing ethanol (up to 15 ml of total volume) and centrifug-
ing (1260 g, 10 min) to separate it from the soil. The
concentration of TPF in the supernatant was determined
colorimetrically at 485 nm as described by Casida et al.
(1964), using a Lambda 35 spectrophotometer (Perkin
Elmer, USA). The B-glucosidase activity was determined
according to Eivazi and Tabatabai (1988) by determining
the p-nitrophenol produced from soil incubation (37 °C,
1 h) with 0.05 M 4-nitrophenyl-3-D-glucopyranoside
(PNG) as an enzymatic substrate buffered with the modi-
fied universal buffer (MUB) at pH 6. A similar procedure
was used to determine alkaline phosphatase, using 0.05 M
4-nitrophenyl phosphate as substrate buffered with MUD
at pH 11 and measuring the amount of p-nitrophenol
(PNP) produced (Tabatabai and Bremner 1969; Eivazi
and Tabatabai 1977).

2.7 Statistical Analysis

The effect of soil type and treatments affecting microbial
activity in the rhizosphere was evaluated using a two-way
analysis of variance. Previously, normality according to
the Shapiro-Wilks test and homoscedasticity according
to the Levene test were checked. Power transformations
were performed if necessary to fully meet both criteria.
Analysis of variance was performed with the General Lin-
ear Model procedure in Statgraphics Plus 5.1 (StatPoint
2000). The means for each factor level were compared
using the LSD test (P < 0.05), except when the interac-
tion between factors was significant. In the case of sig-
nificant interactions, the effect of main factors cannot
be assessed, and only the interaction can be discussed,
since the effect of one factor depends on the level of the
other. In this case, this means that the effect of treatments
depends on soils, and it was not possible to conduct a
mean comparison between treatments for each main fac-
tor (de Santiago et al. 2013). Then, two analyses were
performed; first, the combined effect of both factors was
evaluated with a one-way analysis of variance and mean
comparison for the combination of both factors in order
to see differences between particular soils; second, a
general linear model (GLM) involving two factors, one
categorical (treatment) and another quantitative (specific
soil property), was performed in order to identify the soil
property with particular interaction with treatments. This
was done for the main physicochemical and biochemi-
cal properties of soils. Pearson’s correlation coefficients
and regressions were calculated using the same software
mentioned above.
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3 Results

3.1 Effect of Soil on Plant Development
and Nutrition

The soils studied encompassed a wide range of properties,
in particular, textural classes and nutrient availability indi-
ces (Table 1). The initial DTPA extractable Zn (Znpyp,)
was below the threshold value for nutrient deficiency
(0.5 mg kg™!) in all the soils. The pyrophosphate extract-
able Zn (anyr) ranged from 0.4 to 1.5 mg kg_1 (Table 1).
In the case of P, the soils showed a wide range of avail-
ability status, Olsen P ranging from 4.7 to 26 mg kg~'. The
pH of the soils varied between 7.2 and 8.3.

The yield and nutritional status of the crop differed
widely between soils (Table S1, Supplementary material).
Initial Olsen P explained 72% of the variation in total dry
matter (DM) production (DM =0.72+ 0.025 Olsen P;
P=0.002; n=10). The total P in the plant was not related
to the initial Olsen P in the soil (not shown). The total
Zn in the plant or the Zn concentration in the grain was
not related to Znpppy or Zn,,,,. However, the ratio of Zn,,
to Olsen P explained 54% of the variation in total Zn in
the plant (Total Zn=6.7 + 211 ZnPYI/OISen P; P=0.0152;
n=10) and 80% of the variation in Zn concentration in
grains ([Zn] in grain=9.4 + 308 Zn,,,/Olsen P; P <0.001;
n=10). In general, the concentration of Zn in grains was
low relative to the standards of good nutritional quality.
In this sense, this concentration was below 32 mg kg™! in
5 of the soils (Table S1; Supplementary material). The
dry matter yield was not related to the extractable Fe or

Mn. These extractions did not relate to the total nutrient
content of the plants. A wide range of enzyme activities
were also observed in the rhizospheric soil after crop har-
vest (Table S2, Supplementary material). The phosphatase
activity of the soil was not related to the initial Olsen P nor
other soil properties (not shown). In general, soils with the
highest DM yield of the crop were those that showed the
lowest indolacetic acid (IAA) and abscisic acid (ABA) in
roots (Table S1, Supplementary material).

3.2 Effect of Microbial Inoculants and Cellulose
on Crop

After cropping, both inoculants were detected in
rhizopheric soil, without significant differences
between soils. Colony-forming units (CFU) were in
the range 5.4-10°-2.2-10° g~! soil for B. subtilis and
1.5-10*-3.9-10* g~! soil for 7. asperellum. The two micro-
bial inoculants and the cellulose amendment (treatments)
increased the total root DM and grain yield compared to
the control (Table 2). When the aboveground biomass was
considered, only cellulose improved it significantly rela-
tive to the control (Table 2). Dry matter in non-reproduc-
tive organs in above-ground biomass was not significantly
affected by inoculants or cellulose (not shown). In general,
B. subtilis and cellulose promoted lower levels of indola-
cetic acid (IAA), abscisic acid (ABA), and gibberellins
3 (GA3) than the control. No significant differences in
TIAA and ABA were observed between B. subtilis and T.
asperellum (Table 2). The effect of treatments on GA3
varied depending on the soil, as revealed by the significant

Table 2 Effect of the different factors on the dry matter (DM) yield, harvest index (HI), and plant hormones

Source of variation Dry matter yield HI Hormones

Total Grain Root Shoot IAA ABA GA3
Treatment g pot™! ugkg™!
B. subtilis 1.09+0.28a 0.40+0.11a 0.121+0.08a 0.97+0.23ab 0.41+0.07  0.35+0.15b 0.10+0.04b 3.0+1.6b
Cellulose 1.13+0.23a 042+0.11a 0.127+0.05a 1.00+0.2a  0.42+0.07 0.31+0.1b 0.09+0.03b 3.2+0.92b
T. asperellum 1.08+0.25a 0.39+0.12a 0.116+0.08ab 0.96+0.2ab 0.41+0.09  0.40+0.2b 0.12+0.05b 45+2.17a
Control 1.03+0.25b 0.35+0.15b 0.101+0.05b 0.93+0.22b 0.37+0.11  0.42+0.16a 0.13+0.04a 39+1.3%
ANOVA P value
Soil 0.0000 0.0000 0.0000 0.0000 0.0005 0.0000 0.0004 0.0008
Treatment 0.0030 0.0134 0.0031 0.0164 0.0949 0.0006 0.0021 0.0007
Soil*treatment 0.1630 0.8707 0.0514 0.0640 0.1043 0.0564 0.2000 0.0001

Mean + standard deviation; means followed by the same letter are not significantly different according to the LSD test (P <0.05)
HI harvest index, JAA indole-acetic acid, ABA abscisic acid, GA3 gibberellic acid

Shoot DM includes grain DM
Hormones were not detected in soil OTRZ1 and OTRZ2

In the case of potential transformation to meet ANOVA requirements, back transformed results are shown

Mean comparison for soils and interaction effects shown in supplemental material
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interaction between both factors (Table 2). Although T.
asperellum increased GA3 content compared to other
treatments (Table 2), this effect was more marked with
increasing soil pH (Fig. 1).

The microbial inoculants and the cellulose had no effect
on the total content of P and Zn in the plants, the concen-
tration of P in the different organs, or the concentration of
Zn in the grains compared to the control. However, a trend
of decreasing Zn concentration with these treatments was
observed in roots and above-ground biomass (Table 3).
All treatments increased the Zn harvest index (Zn HI) and
decreased the molar ratio of P to Zn in grains relative to
the control (Table 3). The effect of treatments on total Fe
and Mn in plants differed between soils, as revealed by
the significant interaction between factors (P=0.04 and
P=0.001, respectively; Table S3). In three of the soils,
microbial inoculants or cellulose increased total Fe or Mn
in plants relative to the control (Fig. 2; Table S3). In one,
these concentrations were decreased (VGTZ2, Fig. 2).
According to GLM, the effect of B. subtilis and T. asperel-
lum increasing total Fe in plants decreased with increased
soil pH (Fig. 3a). On the other hand, the effect of these
microorganisms on the improvement of total Fe in plants
was more marked with increased soil microbial activity
estimated as the pB-glucosidase activity in controls with-
out treatment after harvest (Fig. 3b). The total Cu in the
plants; the concentration of Fe, Cu, and Mn in the differ-
ent organs; and their harvest indices were affected only by
soil (not shown). The molar ratio of Fe to P in the grain
was not affected by treatments, only by soils (not shown).

9
——e—— Bacillus

g8 — - —  Cellulose
—-—y—:—  Trichoderma
sy Control

', 4

Gibberellins

pH

Fig. 1 Effect of the different treatments (microorganisms and organic
amendment) on gibberellins concentration (ug kg.”™!) as affected by
soil pH according to the general linear model (GLM); the lines rep-
resent the trend in the effect of each treatment as a function of soil
pH; there are significant differences in the regression slopes between
treatments at P=0.0011. The effect of the interaction between soil
and treatment was significant at P=0.0015

3.3 Effect of Microbial Inoculants and Cellulose
on Rhizospheric Soil

Bacillus subtilis tended to increase the concentration of
oxalate relative to T. asperellum. In general terms, T.
asperellum and cellulose increased phosphatase activity,
and both inoculants and cellulose increased p-glucosidase
activity (Table 4). Actually, the effect of inoculants or
cellulose on enzyme activities in the rhizospheric soil
varied depending on the soil, as revealed by the signifi-
cant interactions in the ANOVA between both factors
(treatments and soil, Table 4). Overall, T. asperellum
was the most effective treatment increasing dehydroge-
nase and phosphatase activities (Table S3). This inocu-
lant promoted higher dehydrogenase activity than control
in BLGZ2, BLGZ3, and OTRZ2 soils and phosphatase
activity in LCVZ4 and VTGZ1 (Table S3). Bacillus sub-
tilis increased the activity of dehydrogenase compared
to the control in LCVZI and the activity of phosphatase
in RCNZ2 (Table S3). Cellulose was the most effective
improving f-glucosidase activity, with a significant effect
in three soils (LCVZ4, RCNZ1, and RCNZ2; Table S3).
The concentration of siderophores was only increased by
T. asperellum in the soil LCVZ4 (Table S3). Only in the
soil RCNZ1, inoculants and cellulose promoted a signifi-
cant decrease in pH (Table S3).

3.4 Relationships Between the Variables Studied

In the controls without treatments, the concentration of
abscisic acid in the roots decreased with increased total Fe
(Fig. 4a), total Mn (Fig. 4b), and total P in plants (ABA =1/
[0.003 4+ 0.009 Total P]; R>=0.19; P <0.001, n=30). In the
whole dataset, phosphatase and p-glucosidase were posi-
tively correlated between them (r=0.62; P <0.001; n=160)
and both activities with total plant DM (r=0.21; P<0.01
and r=0.41; P<0.001, respectively; n=160) and total P in
plants (r=0.44 and 0.47, P <0.001, respectively; n=160).
The concentration of siderophores in the rhizosphere was
correlated with dehydrogenase activity (r=0.37; P<0.001;
n=160).

4 Discussion

The results validate our first hypothesis, that is, the two
microbial inoculants and the cellulose amendment enhanced
plant development and grain yield (Table 1). These effects
did not depend on the soil, since the interaction between
the treatments that affect microbial activity and the soil was
not significant. These benefits cannot always be ascribed to
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Fig.2 a Effect of the different treatments (microorganisms and
organic amendment) on total Fe in plants (ug plant™) in the soils
where this effect was significant. (b) Effect of the different treatments
(microorganisms and organic amendment) on total Mn in plants (ug
plant.™") in the soils where this effect was significant. Differences sig-
nificant according to LSD (P <0.05)

an improved plant nutrition. In this sense, increased uptake
was observed only for Fe or Mn in three of the soils studied.

The accumulation of ABA in roots is known to be a
response to abiotic stresses, particularly nutrient deficiency
in durum wheat (Trapeznikov et al. 2003; Vysotskaya et al.
2008). Furthermore, ABA concentration has been proven
to increase with Fe deficiency in plants (Lei et al. 2014).
This agrees with our observation of a decreased ABA con-
centration in roots with an increase in total Fe, Mn, and
P in plants (Fig. 4). Therefore, reduced bioavailability of
these nutrients, attributed in part to soil properties such as
carbonates, basic pH, or high adsorption capacity (Ryan
et al. 2013), seems to promote accumulation of ABA in
roots. High levels of this hormone in roots are one of the
reasons for restricted plant development under nutrient defi-
ciency conditions (Vysotskaya et al. 2008). It appears that

Fig.3 a Effect of the different treatments (microorganisms and
organic amendment) on total Fe in plants (ug plant™') as affected by
soil pH according to the general linear model (GLM); the lines rep-
resent the trend in the effect of each treatment as a function of the
soil pH. There are significant differences in the slope of the regres-
sions between treatments at P =0.0000. The interaction between soil
and treatment was significant at P=0.0026. b Effect of the different
treatments (microorganisms and organic amendment) on total Fe
in plants (ug plant™') as related to p-glucosidase activity in control
(without treatment) at the end of the experiment for each soil (in mg
PNP kg~! h.7!) according to the general linear model (GLM); the
lines represent the trend in the effect of each treatment as a function
of B-glucosidase activity in control. There are significant differences
in the slope of the regressions between treatments at P=0.0000. The
interaction between soil and treatment was significant at P=0.0135

the promotion of plant growth by B. subtilis, T. asperellum,
and cellulose was attributed to a reduction in the concentra-
tion of ABA in the roots. This decrease in ABA concen-
tration by microorganisms may alter, and in some cases
stimulate, plant growth (Belimov et al. 2014). This effect of
rhizospheric microorganisms that reduce ABA concentra-
tion has previously been described in cereals (Dodd et al.
2010). However, increased Fe or Mn uptake by treatments
can contribute to the improved plant growth and decreased
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Table 4 Effect of the different

. o Source of variation Oxalate Siderophores Enzymatic activities pH

factors on rhizospheric soil

variables DHA Phos B-GLU
Treatment mmol kg™! mg Fe3* kg™! mg kg~' h!
B. subtilis 73+29 134+42a  23+23 187 +59b 122+58a 7.78+0.38
Cellulose 65+22 11.8+49 2+19 199 +76a 125+55a 7.83+0.37
T. asperellum 63+27 13.4+4a 23+22 200+63a 128 +52a 7.79+0.43
Control 69+26 13.4+4.2a 1.9+1.7 186 +68b 117+55b 7.80+0.34
ANOVA P values
Soil 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Treatment 0.0660 0.0095 0.2263 0.0090 0.0000 0.0169
Soil*treatment 0.4165 0.0071 0.0000 0.0000 0.0002 0.0000

Mean + standard deviation; means followed by the same letter are not significantly different according to

the LSD test (P <0.05)

DHA dehydrogenase activity measured as the amount of triphenyl-formazan produced, f-GLU f-glucosidase
activity measured as the amount of p-nitrophenol released from M 4-nitrophenyl-3-D-glucopyranoside, Phosp
alkaline phosphatase activity measured as the amount of p-nitrophenol released from p-nitrophenol phosphate

In the case of potential transformation to meet ANOVA requirements, back transformed results are shown

Mean comparison for soils and interaction effects shown in supplemental material

ABA concentration in the roots of plants grown in some
soils when stress signals are diminished (Sah et al. 2016).
However, the effect of 7. asperellum appears to be related to
an increased concentration of GA3 in roots, which is known
to stimulate plant growth (Hedden 2016). This augmented
GA3 concentration with 7. asperellum was more evident
with increasing pH, which are conditions more restrictive for
plant nutrition and consequently where plant development
should be more restricted.

We found evidence of the triggering of nutrient mobilization
mechanisms by treatments, such as enhanced phosphatase
activity (Table 4), or the trend of B. subtilis to increase
oxalate in the rhizosphere. Total P in plants was related to
phosphatase activity in the rhizosphere. However, microbial
inoculants and cellulose had no effect on total P, Zn, and Cu.
This is explained because the properties of the soil also affect
nutrient uptake, such as the ratio of anyr to Olsen P in the
case of Zn (Recena et al. 2021). The effect of cellulose and
microbial inoculants on total Fe and Mn in plants depended
on the soil. The effect of B. subtilis and T. asperellum on the
improvement of Fe uptake by plants was more evident at lower
soil pH (Fig. 3). This probably reveals that these microbial
inoculants are more effective at improving Fe nutrition in
soil conditions that are not so restrictive for Fe availability to
plants. Furthermore, these benefits were also more relevant
with increasing microbial activity in soils (as estimated by
the average -glucosidase activity in nontreated soils). This
reveals that more suitable conditions for microorganisms likely
enhance inoculant development and consequently their effects.

Microbial inoculants and cellulose improved microbial
activity in the rhizosphere as revealed by the increased

@ Springer

B-glucosidase activity (Table 4). This enzyme is retained
in the soil and reflects long-term fluctuations in microbial
activity, likely along the crop cycle (Stott et al. 2010; Moreno
et al. 2015). Phosphatase is ascribed in part to microbial
activity as revealed by its correlation with -glucosidase. The
correlation between f-glucosidase and phosphatase activity
and DM of plants may suggest that enhanced plant growth may
promote improved colonization and microbial activity in the
rhizosphere, perhaps through increased root exudation (Zhao
et al. 2020; Vora et al. 2021). The production of siderophores
was related to microbial activity at harvest, as revealed by the
positive correlation with the dehydrogenase activity. Therefore,
the activity of rhizospheric microorganisms may contribute to
the potential for nutrient mobilization from the soil.

Zinc uptake by plants was not affected by microbial
inoculation or cellulose amendment. However, these treat-
ments increased the proportion of Zn accumulated in grains
(Zn HI) independently of soil, in agreement with Moreno-
Lora et al. (2019). This may be explained by the decrease in
the Zn concentration in roots and shoots without a signifi-
cant effect on grains promoted by inoculants and cellulose.
Thus, this confirms our hypothesis of an alteration of the
Zn partitioning in plants leading to a higher accumulation
in grains relative to other organs. This may be attributed to
the observed changes in auxin or ABA concentration, since
these hormones can regulate transporters involved in metal
homeostasis in plants (David-Assael et al. 2006; Barickman
et al. 2019). Increased Zn HI with inoculants and cellulose
compared to control led to a decreased molar P-to-Zn ratio
in the grain with these treatments and consequently to an
improved grain quality, as Zn digestibility is enhanced.
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Fig.4 a Relationship between the abscisic acid concentration in roots
(in ng g™") and total Fe in plants (ug plant™!) in the controls without
treatments; ¥=1/(0.009 +6.2-10-9 X?), R*=0.68, P <0.0001, n=30.
b Relationship between the abscisic acid concentration in roots (in ng
g™ ") and total Mn in plants (ug plant™') in the control without treat-
ments; ¥=1/(0.003 +2.2-107> X'?), R.2=0.61; P <0.0001, n =30

5 Conclusions

Microorganisms and cellulose improved DM and grain yield
in wheat, and this effect was independent of soil. In general,
neither microorganisms nor cellulose increased total P and
Zn in plants. However, the Zn HI and the P to Zn molar ratio
were enhanced independently of the soil. Therefore, our results
provide evidence of the benefits of using microorganisms and
organic amendments as a tool to improve the yield, the portion
of absorbed Zn accumulated in grains, and the grain quality in
wheat grown in a set of soils that vary widely in their properties.
The effect on Fe nutrition and gibberellins varied depending
on the soil. These effects were affected by soil pH, while the
microbial activity of the soils seemed relevant to explain the
effect of the inoculants on total Fe in the plant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42729-023-01248-w.

Acknowledgements The authors wish to thank the Agricultural
Research Service of the University of Sevilla for the support in the
performance of some analysis and in particular to the technicians Puri-
ficacion Pajuelo and Oliva Polvillo.

Author Contribution Not applicable.

Funding Funding for open access publishing: Universidad de
Sevilla/CBUA This work was funded by the Spanish Ministry of
Economy and Competitiveness of Spain and the European Regional
Development Fund of the European Union through the National
Research, Development and Innovation Programme (Plan Estatal
I+d+1i, Project AGL2014-57835-C2-1-R, and complementary by
PID2020-118503RB-C21).

Data availability Not applicable.

Code Availability Not applicable.

Declarations
Ethics Approval Not applicable.
Consent to Participate Not applicable.

Consent for Publication Not applicable.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aguilar C, Vlamakis H, Losick R, Kolter R (2007) Thinking about
Bacillus subtilis as a multicellular organism. Curr Opin Microbiol
10:638-643. https://doi.org/10.1016/j.mib.2007.09.006

Alloway BJ (2009) Soil factors associated with zinc deficiency in crops
and humans. Environ Geochem Health 31:537-548. https://doi.
org/10.1007/s10653-009-9255-4

Arkhipova TN, Veselov SU, Melentiev Al, Martynenko EV, Kudo-
yarova GR (2005) Ability of bacterium Bacillus subtilis to pro-
duce cytokinins and to influence the growth and endogenous hor-
mone content of lettuce plants. Plant Soil 272:201-209. https://
doi.org/10.1007/s11104-004-5047-x

Barickman TC, Kopsell DA, Sams CE (2019) Applications of abscisic
acid and increasing concentrations of calcium affect the parti-
tioning of mineral nutrients between tomato leaf and fruit tissue.
Horticulturae 5:49. https://doi.org/10.3390/horticulturae5030049

@ Springer


https://doi.org/10.1007/s42729-023-01248-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mib.2007.09.006
https://doi.org/10.1007/s10653-009-9255-4
https://doi.org/10.1007/s10653-009-9255-4
https://doi.org/10.1007/s11104-004-5047-x
https://doi.org/10.1007/s11104-004-5047-x
https://doi.org/10.3390/horticulturae5030049

3340

Journal of Soil Science and Plant Nutrition (2023) 23:3329-3342

Belimov AA, Dodd IC, Safronova VI, Dumova VA, Shaposhnikov
Al, Ladatko AG, Davies WJ (2014) Abscisic acid metabolizing
rhizobacteria decrease ABA concentrations in planta and alter
plant growth. Plant Physiol Biochem 74:84-91. https://doi.org/
10.1016/j.plaphy.2013.10.032

Borrero C, Trillas MI, Delgado A, Avilés M (2012) Effect of ammo-
nium/nitrate ratio in nutrient solution on control of Fusarium wilt
of tomato by Trichoderma asperellum T34. Plant Pathol 61:132—
139. https://doi.org/10.1111/j.1365-3059.2011.02490.x

Borrill P, Connorton JM, Balk J, Miller AJ, Sanders D, Uauy C (2014)
Biofortification of wheat grain with iron and zinc: integrating
novel genomic resources and knowledge from model crops. Front
Plant Sci 5:53. https://doi.org/10.3389/fpls.2014.00053

Cakmak I, Kutman UB (2018) Agronomic biofortification of cereals
with zinc: a review. Eur J Soil Sci 69:172-180. https://doi.org/
10.1111/ejss.12437

Cakmak I, Pfeiffer WH, McClafferty B (2010) Biofortification of
durum wheat with zinc and iron. Cereal Chem 87:10-20. https://
doi.org/10.1094/CCHEM-87-1-0010

Casida LE, Klein DA, Santoro T (1964) Soil dehydrogenase activity.
Soil Sci 98:371-376. https://doi.org/10.1097/00010694-1964 1
2000-00004

Chung YR, Hoitink HAJ (1990) Interactions between thermophilic
fungi and Trichoderma hamatum in suppression of Rhizoctonia
damping-off in a bark compost amended container medium. Phy-
topathology 80:73-77. https://doi.org/10.1094/Phyto-80-73

David-Assael O, Berezin I, Shoshani-Knaani N, Saul H, Mizrachy-
Dagri T, Chen J, Brook E, Shaul O (2006) AtMHX is an auxin and
ABA-regulated transporter whose expression pattern suggests a
role in metal homeostasis in tissues with photosynthetic potential.
Funct Plant Biol 33:661-672. https://doi.org/10.1071/FP05295

de los Santos-Villalobos S, Parra-Cota FI (2020) Current trends in plant
growth-promoting microorganisms research for sustainable food
security. Curr Res Microb Sci 100016. https://doi.org/10.1016/j.
crmicr.2020.100016

de Santiago A, Quintero JM, Avilés M, Delgado A (2009) Effect of
Trichoderma asperellum strain T34 on iron nutrition in white
lupin. Soil Biol Biochem 41:2453-2459. https://doi.org/10.1016/].
50i1bi0.2009.07.033

de Santiago A, Quintero JM, Avilés M, Delgado A (2011) Effect of
Trichoderma asperellum strain T34 on iron, copper, manganese,
and zinc uptake by wheat grown on a calcareous medium. Plant
Soil 342:97-104. https://doi.org/10.1007/s11104-010-0670-1

de Santiago A, Garcia-Lopez AM, Quintero JM, Avilés M, Delgado A
(2013) Effect of Trichoderma asperellum strain T34 and glucose addi-
tion on iron nutrition in cuacumber grown on calcareous soils. Soil Biol
Biochem 57:598-605. https://doi.org/10.1016/j.s0ilbio.2012.06.020

Demoling F, Figueroa D, Baath E (2007) Comparison of factors
limiting bacterial growth in different soils. Soil Biol Biochem
39:2485-2495. https://doi.org/10.1016/j.50ilbio.2007.05.002

Dodd IC, Egea G, Watts CW, Whalley WR (2010) Root water potential
integrates discrete soil physical properties to influence ABA sig-
nalling during partial rootzone drying. J Exp Bot 61:3543-3551.
https://doi.org/10.1093/jxb/erq195

Drouineau G (1942) Dosage rapide du calcaire actif du sol: Nouvelles
données sur la separation et la nature des fractions calcaires. Ann
Agron 12:441-450

Eivazi F, Tabatabai MA (1977) Phosphatases in soils. Soil Biol Bio-
chem 9:167-172. https://doi.org/10.1016/0038-0717(77)90070-0

Eivazi F, Tabatabai MA (1988) Glucosidases and galactosidases in
soils. Soil Biol Biochem 20:601-606. https://doi.org/10.1016/
0038-0717(88)90141-1

Gao Z, Shao J, Sun H, Zhong W, Zhuang W, Zhang Z (2012) Evalu-
ation of different kinds of organic acids and their antibacterial
activity in Japanese Apricot fruits. African J Agric Res 7:4911—
4918. https://doi.org/10.5897/AJAR12.1347

@ Springer

Garcia-Lopez AM, Avilés M, Delgado A (2016) Effect of various
microorganisms on phosphorus uptake from insoluble Ca-phos-
phates by cucumber plants. J Plant Nutr Soil Sci 179:454-465.
https://doi.org/10.1002/jpIln.201500024

Garcia-Lopez AM, Recena R, Avilés M, Delgado A (2018) Effect
of Bacillus subtilis QST713 and Trichoderma asperellum T34
on P uptake by wheat and how it is modulated by soil proper-
ties. J Soils Sediments 18:727-738. https://doi.org/10.1007/
s11368-017-1829-7

Garcia-Lopez AM, Recena R, Delgado A (2021) The adsorbent
capacity of growing media does not constrain myo-inositol
hexakiphosphate hydrolysis but its use as a phosphorus source
by plants. Plant Soil 459:277-288. https://doi.org/10.1007/
s11104-020-04764-1

Garcia-Lopez AM, Delgado A (2016) Effect of Bacillus subtilis on
phosphorus uptake by cucumber as affected by iron oxides and the
solubility of the phosphorus source. Agric Food Sci 25:216-224.
https://doi.org/10.23986/afsci.56862

Gee GW, Bauder JW (1986) Particle-size analysis. In: Klute A (ed)
Methods of soil analysis. Part 1: Agronomy monograph, 9, ASA
and SSSA Madison WI, pp 383411

Go6mez-Coronado F, Almeida AS, Santamaria O, Cakmak I, Pobla-
ciones MJ (2019) Potential of advanced breeding lines of bread-
making wheat to accumulate grain minerals (Ca, Fe, Mg and Zn)
and low phytates under Mediterranean conditions. J Agron Crop
Sci 205:341-352. https://doi.org/10.1111/jac.12325

Gouda S, Kerry RG, Das G, Paramithiotis S, Shin HS, Patra JK (2018)
Revitalization of plant growth promoting rhizobacteria for sus-
tainable development in agriculture. Microbiol Res 206:131-140.
https://doi.org/10.1016/j.micres.2017.08.016

Hedden P (2016) Gibberellin biosynthesis in higher plants. Annu Plant
Rev Gibberellins 49:37-72. https://doi.org/10.1002/9781119210
436.CH2

Hobbie JE, Hobbie EA (2013) Microbes in nature are limited by car-
bon and energy: the starving-survival lifestyle in soil and conse-
quences for estimating microbial rates. Front Microbiol 4:324.
https://doi.org/10.3389/fmicb.2013.00324

Khande R, Sharma SK, Ramesh A, Sharma MP (2017) Zinc solubiliz-
ing Bacillus strains that modulate growth, yield and zinc biofor-
tification of soybean and wheat. Rhizosphere 4:126—138. https://
doi.org/10.1016/j.rhisph.2017.09.002

Kudoyarova G, Arkhipova T, Korshunova T, Bakaeva M, Loginov
O, Dodd IC (2019) Phytohormone mediation of interactions
between plants and non-symbiotic growth promoting bacteria
under edaphic stresses. Front Plant Sci 10:1-11. https://doi.org/
10.3389/fpls.2019.01368

Kuzyakov Y (2002) Review: Factors affecting rhizosphere priming
effects. J Plant Nutr Soil Sci 165:382-396. https://doi.org/10.
1002/1522-2624(200208)165:4%3c382:: AID-JPLN382%3¢3.0.
CO;2-#

Lei GJ, Zhu XF, Wang ZW, Dong F, Dong NY, Zheng SJ (2014) Absci-
sic acid alleviates iron deficiency by promoting root iron reutiliza-
tion and transport from root to shoot in Arabidopsis. Plant Cell
Environ 37:852-863. https://doi.org/10.1111/PCE.12203

Lindsay WL, Norvell WA (1978) Development of a DTPA soil
test for zinc, iron, manganese, and copper. Soil Sci Soc Am
J 42:421-428. https://doi.org/10.2136/sssaj1978.0361599500
4200030009x

Lopez-Sangil L, Rovira P (2013) Sequential chemical extractions of the
mineral-associated soil organic matter: an integrated approach for
the fractionation of organo-mineral complexes. Soil Biol Biochem
62:57-67. https://doi.org/10.1016/j.s0ilbio.2013.03.004

Ma W, Peng D, Walker SL, Cao B, Gao CH, Huang Q, Cai P (2017)
Bacillus subtilis biofilm development in the presence of soil clay
minerals and iron oxides. npj Biofilms Microbiomes 3:4. https://
doi.org/10.1038/541522-017-0013-6


https://doi.org/10.1016/j.plaphy.2013.10.032
https://doi.org/10.1016/j.plaphy.2013.10.032
https://doi.org/10.1111/j.1365-3059.2011.02490.x
https://doi.org/10.3389/fpls.2014.00053
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1094/CCHEM-87-1-0010
https://doi.org/10.1094/CCHEM-87-1-0010
https://doi.org/10.1097/00010694-196412000-00004
https://doi.org/10.1097/00010694-196412000-00004
https://doi.org/10.1094/Phyto-80-73
https://doi.org/10.1071/FP05295
https://doi.org/10.1016/j.crmicr.2020.100016
https://doi.org/10.1016/j.crmicr.2020.100016
https://doi.org/10.1016/j.soilbio.2009.07.033
https://doi.org/10.1016/j.soilbio.2009.07.033
https://doi.org/10.1007/s11104-010-0670-1
https://doi.org/10.1016/j.soilbio.2012.06.020
https://doi.org/10.1016/j.soilbio.2007.05.002
https://doi.org/10.1093/jxb/erq195
https://doi.org/10.1016/0038-0717(77)90070-0
https://doi.org/10.1016/0038-0717(88)90141-1
https://doi.org/10.1016/0038-0717(88)90141-1
https://doi.org/10.5897/AJAR12.1347
https://doi.org/10.1002/jpln.201500024
https://doi.org/10.1007/s11368-017-1829-7
https://doi.org/10.1007/s11368-017-1829-7
https://doi.org/10.1007/s11104-020-04764-1
https://doi.org/10.1007/s11104-020-04764-1
https://doi.org/10.23986/afsci.56862
https://doi.org/10.1111/jac.12325
https://doi.org/10.1016/j.micres.2017.08.016
https://doi.org/10.1002/9781119210436.CH2
https://doi.org/10.1002/9781119210436.CH2
https://doi.org/10.3389/fmicb.2013.00324
https://doi.org/10.1016/j.rhisph.2017.09.002
https://doi.org/10.1016/j.rhisph.2017.09.002
https://doi.org/10.3389/fpls.2019.01368
https://doi.org/10.3389/fpls.2019.01368
https://doi.org/10.1002/1522-2624(200208)165:4%3c382::AID-JPLN382%3e3.0.CO;2-#
https://doi.org/10.1002/1522-2624(200208)165:4%3c382::AID-JPLN382%3e3.0.CO;2-#
https://doi.org/10.1002/1522-2624(200208)165:4%3c382::AID-JPLN382%3e3.0.CO;2-#
https://doi.org/10.1111/PCE.12203
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.1016/j.soilbio.2013.03.004
https://doi.org/10.1038/s41522-017-0013-6
https://doi.org/10.1038/s41522-017-0013-6

Journal of Soil Science and Plant Nutrition (2023) 23:3329-3342

3341

Marschner P, Crowley D, Rengel Z (2011) Rhizosphere interactions
between microorganisms and plants govern iron and phosphorus
acquisition along the root axis - model and research methods.
Soil Biol Biochem 43:883-894. https://doi.org/10.1016/j.soilbio.
2011.01.005

McBeath TM, McLaughlin MJ (2014) Efficacy of zinc oxides as
fertilisers. Plant Soil 374:843-855. https://doi.org/10.1007/
s11104-013-1919-2

Miller LV, Krebs NF, Hambidge KM (2007) A mathematical model
of zinc absorption in humans as a function of dietary zinc
and phytate. J Nutr 137:135-141. https://doi.org/10.1093/jn/
137.1.135

Moreno MT, Carmona E, Santiago A, Ordovas J, Delgado A (2015)
Olive husk compost improves the quality of intensively cultivated
agricultural soils. L Degrad Dev 27:449-459. https://doi.org/10.
1002/1dr.2410

Moreno-Lora A, Delgado A (2020) Factors determining Zn availabil-
ity and uptake by plants in soils developed under Mediterranean
climate. Geoderma 376:114509. https://doi.org/10.1016/j.geode
rma.2020.114509

Moreno-Lora A, Recena R, Delgado A (2019) Bacillus subtilis
QST713 and cellulose amendment enhance phosphorus uptake
while improving zinc biofortification in wheat. Appl Soil Ecol
142:81-89. https://doi.org/10.1016/j.aps0il.2019.04.013

Moreno-Lora A, Sousa-Ortega C, Recena R, Perea-Torres F, Delgado
A (2022) Microbial inoculants improve nutrients uptake and yield
of durum wheat in calcareous soils under drought stress in the
Mediterranean region. Arch Agron Soil Sci. https://doi.org/10.
1080/03650340.2022.2146099

Mousavi SR (2011) Zinc in crop production and interaction with phos-
phorus. Aust J Basic Appl Sci 5:1503-1509

Mumtaz MZ, Barry KM, Baker AL, Nichols DS, Ahmad M, Zahir
ZA, Britz ML (2019) Production of lactic and acetic acids by
Bacillus sp ZM20 and Bacillus cereus following exposure to zinc
oxide: a possible mechanism for Zn solubilization. Rhizosphere
12:100170. https://doi.org/10.1016/j.rhisph.2019.100170

Murphy J, Riley JP (1962) A modified single solution method for the
determination of phosphate in natural waters. Anal Chem ACTA
27:31-36. https://doi.org/10.1016/S0003-2670(00)88444-5

Nazih N, Finlay-Moore O, Hartel PG, Fuhrmann JJ (2001) Whole soil
fatty acid methyl ester (FAME) profiles of early soybean rhizo-
sphere as affected by temperature and matric water potential.
Soil Biol Biochem 33:693-696. https://doi.org/10.1016/S0038-
0717(00)00197-8

Nguyen ML, Glaes J, Spaepen S, Bodson B, du Jardin P, Delaplace P
(2019a) Biostimulant effects of Bacillus strains on wheat from
in vitro towards field conditions are modulated by nitrogen sup-
ply. J Plant Nutr Soil Sci 182:325-334. https://doi.org/10.1002/
jpIn.201700610

Nguyen ML, Spaepen S, du Jardin P, Delaplace P (2019b) Biostimu-
lant effects of rhizobacteria on wheat growth and nutrient uptake
depend on nitrogen application and plant development. Arch
Agron Soil Sci 65:58-73. https://doi.org/10.1080/03650340.
2018.1485074

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation of avail-
able phosphorus in soils by extraction with sodium bicarbonate.
USDA Circular-US Government Printing Office, Washington DC
939:1-19. https://doi.org/10.2307/302397

Owen D, Williams AP, Griffith GW, Withers PJA (2015) Use of com-
mercial bio-inoculants to increase agricultural production through
improved phosphrous acquisition. Appl Soil Ecol 86:41-54.
https://doi.org/10.1016/j.aps0il.2014.09.012

Qiu Z, Egidi E, Liu H, Kaur S, Singh BK (2019) New frontiers in agri-
culture productivity: optimised microbial inoculants and in situ
microbiome engineering. Biotechnol Adv 37:107371. https://doi.
org/10.1016/j.biotechadv.2019.03.010

Radersma S, Grierson PF (2004) Phosphorus mobilization in agrofor-
estry: organic anions, phosphatase activity and phosphorus frac-
tions in the rhizosphere. Plant Soil 259:209-219. https://doi.org/
10.1023/B:PLS0.0000020970.40167.40

Ramesh A, Sharma SK, Sharma MP, Yadav N, Joshi OP (2014)
Inoculation of zinc solubilizing Bacillus aryabhattai strains for
improved growth, mobilization and biofortification of zinc in
soybean and wheat cultivated in Vertisols of central India. Appl
Soil Ecol 73:87-96. https://doi.org/10.1016/j.apsoil.2013.08.009

Recena R, Garcia-Lépez AM, Delgado A, Martin-Ramos P (2021)
Zinc uptake by plants as affected by fertilization with Zn sulfate,
phosphorus availability, and soil properties. Agronomy 11:390.
https://doi.org/10.3390/agronomy 11020390

Reed ST, Martens DC (1996) Copper and zinc. In: Sparks DL (ed)
Methods of Soil Analysis. Methods of soil analysis. Part 3: Chem-
ical properties, 3rd edn. ASA, SSSA, CSSA, Madison, WL,pp.
703-722.

Rengel Z (2015) Availability of Mn, Zn and Fe in the rhizosphere. J
Soil Sci Plant Nutr 15:397-409. https://doi.org/10.4067/S0718-
95162015005000036

Ryan J, Rashid A, Torrent J, Yau SK, Ibrikci H, Sommer R, Erenoglu
EB (2013) Micronutrient constraints to crop production in the
middle east-west Asia region: significance, research, and manage-
ment, 1st ed, Advances in Agronomy. Elsevier Inc. https://doi.org/
10.1016/B978-0-12-417187-9.00001-2

Sah SK, Reddy KR, Li J (2016) Abscisic acid and abiotic stress toler-
ance in crop plants. Front Plant Sci 7:571. https://doi.org/10.3389/
fpls.2016.00571

Schwyn B, Neilands JB (1987) Universal chemical assay for the detec-
tion and determination of siderophores. Anal Biochem 160:47-56.
https://doi.org/10.1016/0003-2697(87)90612-9

Shi Y, Lalande R, Hamel C, Ziadi N, Gagnon B, Hu Z (2013) Seasonal
variation of microbial biomass, activity, and community struc-
ture in soil under different tillage and phosphorus management
practices. Biol Fertil Soils 49:803-818. https://doi.org/10.1007/
s00374-013-0773-y

Singh D, Rajawat MVS, Kaushik R, Prasanna R, Saxena AK (2017)
Beneficial role of endophytes in biofortification of Zn in wheat
genotypes varying in nutrient use efficiency grown in soils suf-
ficient and deficient in Zn. Plant Soil 416:107—-116. https://doi.
org/10.1007/s11104-017-3189-x

Spaepen S (2015) Plant hormones produced by microbes. In: Lugten-
berg B (ed) Principles of Plant-Microbe Interactions: Microbes for
Sustainable Agriculture. pringer International Publishing Switzer-
land. pp 247-256. https://doi.org/10.1007/978-3-319-08575-3_26

Stott DE, Andrews SS, Liebig MA, Wienhold BJ, Karlen DL (2010)
Evaluation of p-glucosidase activity as a soil quality indicator for
the soil management assessment framework. Soil Sci Soc Am J
74:107-119. https://doi.org/10.2136/sss2j2009.0029

Sukumar P, Legué V, Vayssieres A, Martin F, Tuskan GA, Kalluri UC
(2013) Involvement of auxin pathways in modulating root archi-
tecture during beneficial plant-microorganism interactions. Plant,
Cell Environ 36:909-919. https://doi.org/10.1111/pce.12036

Sumner ME, Miller WP (1996) Cation exchange capacity and exchange
coefficients. In: Sparks DL (ed) Methods of soil analysis. Part 3:
Chemical properties, 3rd edn. ASA, SSSA, CSSA, Madison, WI,
pp 1201-1229

Tabatabai MA, Bremner JM (1969) Use of p-nitrophenyl phosphate for
assay of soil phosphatase activity. Soil Biol Biochem 1:301-307.
https://doi.org/10.1016/0038-0717(69)90012-1

Tang Y, Wang L, Ma C, LiuJ, Liu B, Li H (2011) The Use of HPLC in
determination of endogenous hormones in anthers of bitter melon.
J Life Sci 5:139-142

Trapeznikow VK, Ivanov II, Dudoyarova GR (2002) Effect of hetero-
geneous distribution of nutrients on root growth, AVA content
and drought resistance of wheat plants. Plant Soil 252:207-214.

@ Springer


https://doi.org/10.1016/j.soilbio.2011.01.005
https://doi.org/10.1016/j.soilbio.2011.01.005
https://doi.org/10.1007/s11104-013-1919-2
https://doi.org/10.1007/s11104-013-1919-2
https://doi.org/10.1093/jn/137.1.135
https://doi.org/10.1093/jn/137.1.135
https://doi.org/10.1002/ldr.2410
https://doi.org/10.1002/ldr.2410
https://doi.org/10.1016/j.geoderma.2020.114509
https://doi.org/10.1016/j.geoderma.2020.114509
https://doi.org/10.1016/j.apsoil.2019.04.013
https://doi.org/10.1080/03650340.2022.2146099
https://doi.org/10.1080/03650340.2022.2146099
https://doi.org/10.1016/j.rhisph.2019.100170
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0038-0717(00)00197-8
https://doi.org/10.1016/S0038-0717(00)00197-8
https://doi.org/10.1002/jpln.201700610
https://doi.org/10.1002/jpln.201700610
https://doi.org/10.1080/03650340.2018.1485074
https://doi.org/10.1080/03650340.2018.1485074
https://doi.org/10.2307/302397
https://doi.org/10.1016/j.apsoil.2014.09.012
https://doi.org/10.1016/j.biotechadv.2019.03.010
https://doi.org/10.1016/j.biotechadv.2019.03.010
https://doi.org/10.1023/B:PLSO.0000020970.40167.40
https://doi.org/10.1023/B:PLSO.0000020970.40167.40
https://doi.org/10.1016/j.apsoil.2013.08.009
https://doi.org/10.3390/agronomy11020390
https://doi.org/10.4067/S0718-95162015005000036
https://doi.org/10.4067/S0718-95162015005000036
https://doi.org/10.1016/B978-0-12-417187-9.00001-2
https://doi.org/10.1016/B978-0-12-417187-9.00001-2
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1007/s00374-013-0773-y
https://doi.org/10.1007/s00374-013-0773-y
https://doi.org/10.1007/s11104-017-3189-x
https://doi.org/10.1007/s11104-017-3189-x
https://doi.org/10.1007/978-3-319-08575-3_26
https://doi.org/10.2136/sssaj2009.0029
https://doi.org/10.1111/pce.12036
https://doi.org/10.1016/0038-0717(69)90012-1

3342

Journal of Soil Science and Plant Nutrition (2023) 23:3329-3342

Trapeznikow VK, Ivanov II, Kudoyarova GR (2003) Effect of hetero-
geneous distribution of nutrients on root growth, ABA content
and drought resistance of wheat plants. Plant Soil 252_207-214

Tuitert G, Szczech M, Bollen GJ (1998) Suppression of Rhizoctonia
solani in potting mixtures amended with compost made from
organic household waste. Phytopathology 88:764—773. https://doi.
org/10.1094/PHYTO.1998.88.8.764

Turner JT, Backman PA (1991) Factors relating to peanut yield increases
after seed treatment with Bacillus subtilis. Plant Dis 75:347-353

Vora SM, Joshi P, Belwalkar M, Archana G (2021) Root exudates
influence chemotaxis and colonization of diverse plant growth
promoting rhizobacteria in the pigeon pea — maize intercropping
system. Rhizosphere 18:100331. https://doi.org/10.1016/j.rhisph.
2021.100331

Vysotskaya LB, Korobova AV, Kudoyarova GR (2008) Abscisic acid
accumulation in the roots of nutrient-limited plants: Its impact
on the differential growth of roots and shoots. J Plant Physiol
165:1274-1279. https://doi.org/10.1016/j.jplph.2007.08.014

Walkley A, Black IA (1934) An examination of the degtjareff method
for determining soil organic matter, and a proposed modification
of the chromic acid titration method. Soil Sci 37:29-38. https://
doi.org/10.1097/00010694-193401000-00003

Wang G, Xu Y, Jin J, Liu J, Zhang Q, Liu X (2009) Effect of soil type
and soybean genotype on fungal community in soybean rhizosphere
during reproductive growth stages. Plant Soil 317:135-144. https://
doi.org/10.1007/s11104-008-9794-y

Wang Y, LiJ, Gao X, Li X, Ren T, Cong R, Lu J (2014) Winter oilseed
rape productivity and nutritional quality responses to zinc ferti-
lization. Agron J 106:1349-1357. https://doi.org/10.2134/agron
j14.0029

@ Springer

White PJ, Broadley MR (2009) Biofortification of crops with seven
mineral elements often lacking in human diets — iron, zinc, copper,
calcium, magnesium, selenium and iodine. New Phytol 182:49—
84. https://doi.org/10.1111/j.1469-8137.2008.02738.x

Zadoks JC, Chang TT, Konzak CF (1974) A decimal code for the
growth stages of cereals. Weed Res 14:415-421. https://doi.org/
10.1111/5.1365-3180.1974.tb01084.x

Zhang YQ, Deng Y, Chen RY, Cui ZL, Chen XP, Yost R, Zhang FS,
Zou CQ (2012) The reduction in zinc concentration of wheat grain
upon increased phosphorus-fertilization and its mitigation by foliar
zinc application. Plant Soil 361:143-152. https://doi.org/10.1007/
s11104-012-1238-z

Zhao Q, Shen Q, Ran W, Xiao T, Xu D, Xu Y (2011) Inoculation of soil
by Bacillus subtilis Y-IVI improves plant growth and colonization
of the rhizosphere and interior tissues of muskmelon (Cucumis
melo L.). Biol Fertil Soils 47:507-514. https://doi.org/10.1007/
s00374-011-0558-0

Zhao AQ, Tian XH, Cao YX, Lu XC, Liu T (2014) Comparison of soil
and foliar zinc application for enhancing grain zinc content of
wheat when grown on potentially zinc-deficient calcareous soils.
J Sci Food Agric 94:2016-2022. https://doi.org/10.1002/jsfa.6518

Zhao L, Wang Y, Kong S (2020) Effects of Trichoderma asperellum
and its siderophores on endogenous auxin in Arabidopsis thaliana
under iron-deficiency stress. Int Microbiol 23:501-509. https://
doi.org/10.1007/s10123-020-00122-4

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1094/PHYTO.1998.88.8.764
https://doi.org/10.1094/PHYTO.1998.88.8.764
https://doi.org/10.1016/j.rhisph.2021.100331
https://doi.org/10.1016/j.rhisph.2021.100331
https://doi.org/10.1016/j.jplph.2007.08.014
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1007/s11104-008-9794-y
https://doi.org/10.1007/s11104-008-9794-y
https://doi.org/10.2134/agronj14.0029
https://doi.org/10.2134/agronj14.0029
https://doi.org/10.1111/j.1469-8137.2008.02738.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1007/s11104-012-1238-z
https://doi.org/10.1007/s11104-012-1238-z
https://doi.org/10.1007/s00374-011-0558-0
https://doi.org/10.1007/s00374-011-0558-0
https://doi.org/10.1002/jsfa.6518
https://doi.org/10.1007/s10123-020-00122-4
https://doi.org/10.1007/s10123-020-00122-4

	Effects of Microbial Inoculants and Organic Amendments on Wheat Nutrition and Development in a Variety of Soils
	Abstract
	1 Introduction
	2 Material and Methods
	2.1 Experimental Design
	2.2 Soils
	2.3 Plant Growing Conditions
	2.4 Application of Treatments
	2.5 Harvest and Analysis of Plants
	2.6 Chemical, Microbiological, and Biochemical Analysis of the Soil
	2.7 Statistical Analysis

	3 Results
	3.1 Effect of Soil on Plant Development and Nutrition
	3.2 Effect of Microbial Inoculants and Cellulose on Crop
	3.3 Effect of Microbial Inoculants and Cellulose on Rhizospheric Soil
	3.4 Relationships Between the Variables Studied

	4 Discussion
	5 Conclusions
	Anchor 19
	Acknowledgements 
	References


