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Microbial inoculants, including those formed from multiple species, may have dual
functions as biostimulants and/or biocontrol agents, and claimed agricultural benefits
are instrumental for regulatory categorisation. Biostimulants include commercial
products containing substances or microorganisms that stimulate plant growth.
Biostimulant microbes can be involved in a range of processes that affect N and P
transformations in soil and thus influence nutrient availability, and N and P fertilizers
can influence soil microbial diversity and function. A glasshouse experiment was
conducted to investigate the effect of a multiple species microbial inoculant relative
to a rock-based mineral fertilizer and a chemical fertilizer on wheat growth and vyield,
and on microbial diversity in the rhizosphere. The microbial inoculant was compared
to the mineral fertilizer (equivalent to 5.6 kg N ha=! and 5.6 kg P ha~'), and to the
chemical fertilizer applied at three rates equivalent to: (i) 7.3 kg N ha—' and 8.4 kg
P ha~' as recommended for on-farm use, (i) 5.6 kg N ha~! and 6.5 kg P ha™'
which matched the N in the mineral fertilizer, and (i) 4.9 kg N ha=' and 5.6 kg P
ha=1 which matched P content in the mineral fertilizer. Despite an early reduction in
plant growth, the microbial inoculant treatment increased shoot growth at maturity
compared to the control. Similarly, grain yield was higher after application of the microbial
inoculant when compared to control, and it was similar to that of plants receiving the
fertilizer treatments. Using 16S rRNA sequencing, the microbial inoculant and fertilizer
treatments were shown to influence the diversity of rhizosphere bacteria. The microbial
inoculant increased the relative abundance of the phylum Actinobacteria. At tillering, the
proportion of roots colonized by arbuscular mycorrhizal (AM) fungi increased with the
microbial inoculant and mineral fertilizer treatments, but decreased with the chemical
fertilizer treatments. At maturity, there were no treatment effects on the proportion of
wheat roots colonized by AM fungi. Overall, the multiple species microbial inoculant had
beneficial effects in terms of wheat yield relative to the commercial mineral and chemical
fertilizers applied at the level recommended for on-farm use in south-western Australia.
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INTRODUCTION

Biostimulants are derived from a wide range of materials
including live microbial cultures, extracts of microbes, animal or
plant origin, soil organic compounds (humic and fulvic acids),
industrial by-products and chemicals, and synthetic molecules
(Saa et al,, 2015). Biostimulants can stimulate plant growth and
yield even when used in small amounts, but not to the same
extent as traditional fertilizer (Fleming et al., 2014). Various
rhizosphere microorganisms synthesize plant growth-promoters,
siderophores and antibiotics, hence, plant-microbe symbioses
can reduce dependency on nitrogen (N) and phosphorus (P)
fertilizers (Ahemad and Kibret, 2014). Some plant responses to
biostimulants cannot be explained by current understanding, and
this represents both a challenge and an opportunity (Brown and
Saa, 2015). The global market for biostimulants is projected to
increase by 12% per year and reach more than US$2.2 billion by
2018 (Calvo et al., 2014).

Soil microbial communities are extremely diverse and perform
key functions, including the cycling of carbon (C), nutrients
and water, maintaining soil productivity, dissolution of rock
minerals, and remediation of contaminants (Schmitz et al,
2015). There is potential to increase the effectiveness of
poorly soluble rock phosphate by managing soil biological
processes, with some microorganisms contributing to the
dissolution of ground rock fertilizers through the release of
organic ligands, HT ions and organic acids into the soil
(Barker et al., 1997; Hinsinger et al., 2001; Richardson, 2001).
In nutrient-deficient soils, microorganisms may preferentially
colonize ground rock fertilizers if they contain growth-limiting
nutrients. For example, Roger and Bennett (2004) showed
that in a P-limiting environment, microorganisms selectively
colonized the surface of minerals containing P. The effectiveness
of plant access to P in rock phosphate can be improved by
the activities of arbuscular mycorrhizal (AM) fungi (Barrow
et al, 1977; Pairunan et al, 1980). Soil microorganisms are
vital constituents of the rhizosphere, and they play key roles
in P cycling (Richardson, 1994). AM fungi are members of
the Glomeromycota, a key component of the soil microbiota
which form the most common and widespread terrestrial plant
symbioses. They are obligate symbiotic soil fungi, and they form
intimate associations with approximately 80% of terrestrial plant
species including the majority of crops (Smith and Read, 2008).
AM fungi have been shown to benefit crop productivity due to
their contribution to plant nutrition, soil structure and other
ecosystem services (Smith and Read, 2008). The predominant
function of AM fungi is attributed to increased host plant
P uptake as a consequence of their high-affinity P uptake
mechanism (Smith and Smith, 2012). Ground rock addition to
soil is likely to affect microbial communities through indirect
effects on physicochemical transformations (Hinsinger et al.,
1996; Gillmann et al., 2002; Loganathan et al., 2002; Priyono and
Gilkes, 2004) and by increasing plant growth (Sanz and Rowell,
1988; Coroneos et al., 1996; Bakken et al., 2000).

The two most-reported mechanisms by  which
microorganisms solubilise P are the production of organic acids
(Goldstein, 1996) and the production of phosphatases (Rodriguez

et al., 2006). Organic acids transform insoluble phosphate forms
into soluble forms through their hydroxyl groups. These groups
chelate the cations bound to phosphate, thereby facilitating
the release of phosphate ions (Rodriguez and Fraga, 1999). In
nutrient-poor soils, such as the highly weathered soils in south-
western Australia, minerals containing limiting concentrations of
nutrients may influence the soil microbial community structure
(Carson et al, 2012). Phosphate solubilisation takes place
through various microbial processes/mechanisms including
organic acid production and proton extrusion as a result of the
combined effect of a pH decrease and organic acid production
(He and Zhu, 1988; Surange et al., 1995; Dutton and Evans, 1996;
Nabhas, 1996; Deubel and Merbach, 2005; Fankem et al., 2006).

Rhizosphere microorganisms, including plant growth
promoting rhizobacteria (PGPRs) have been investigated for
their effects on plant growth (Adesemoye et al., 2008). One
proposed mechanism by which PGPRs can affect nutrient uptake
is by enhancing growth and development of roots, leading to
larger root systems with the greater surface area and more root
hairs, which are then able to access more nutrients (Biswas et al.,
2000a; Adesemoye et al., 2008). These studies have included
comparisons with plant-microbe interactions and fertilizer use
efficiency (Adesemoye et al., 2008).

We compared the efficacy of a multiple species microbial
inoculant to a rock-based mineral fertilizer and a more traditional
chemical fertilizer for its capacity to increase wheat yield in an
agricultural soil that was moderately deficient in N and P for the
growth of wheat. We hypothesized that the microbial inoculant
would be as effective as the mineral fertilizer on growth, yield
and nutrient uptake of wheat based on its potential to supply N
and P through mineralization of organic matter. The microbial
inoculant was expected to be less effective than the chemical
fertilizer. Mechanisms underlying these hypotheses could be
associated with activities of rhizosphere bacterial communities
and AM fungi whereby (1) the introduction of the microbial
inoculant would augment the existing rhizosphere bacterial
community, and (2) the application of the chemical fertilizer
would reduce mycorrhizal colonization of wheat roots but the
microbial inoculant and mineral fertilizer would not affect
colonization.

MATERIALS AND METHODS

Experimental Design
A multiple species microbial inoculant and two fertilizers (a rock-
based mineral fertilizer, and a chemical fertilizer) were applied to
soil before sowing wheat seeds. A control treatment had neither
microbial inoculant nor fertilizer added to the soil which was
collected from an agricultural field and was moderately N and
P deficient for growing wheat. There were four replicates of
each treatment. The experiment was arranged in a completely
randomized design. Plants were harvested at tillering (7 weeks)
and maturity (12 weeks).

Six treatments were (Table 1): (i) a control that did not receive
any amendments; (ii) a multiple species microbial inoculant
(1 g powder/pot applied), (iii) MF: a rock-mineral fertilizer at
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TABLE 1 | Composition of treatments applied at the commencement of the experiment.

Treatment Composition

Application rate

Control Unamended
Microbial inoculant

(Microbes)

A multiple species microbial inoculant is a talc-based formulation
containing (per g) isolates of Agrobacterium (1 x 10°9), Azotobacter
(1.2 x 109), Azospirillum (1.1 x 1079), Bacillus (112 x 10°9),

Nil

Microbial inoculant was provided by Australian Mineral
Fertilizer Pty Ltd. as a powder form and applied at the rate
of 1g pot~!

Pseudomonas (2.3 x 109), Streptomyces (1 x 109), Trichoderma

(8 x 10°9), and Rhizophagus irregularis (75 spores).
Mineral fertilizer (MF)

Mineral-based fertilizer (from Australian Mineral Fertilizer Pty Ltd.),

Equivalent to 5.6 kg N and 5.6 kg P ha~"; (1g pot~ 1)

consists of a proprietary combination of fine mineral ores, such as
micas, alkali feldspars, soft rock phosphate, dolomite, basalt, granite
and crystalline silica, that are blended with various sulfates (ammonium,
potassium, manganese, copper and zinc) containing nutrients (in %,
w/w) N-7.5, P 7.5, K-4.5, S-8.0, Mg-0.9, Fe-2.6, Si-6.7, Mn-0.4,

Zn-0.043, Cu-0.043, B-0.0017
Chemical fertilizer -1 75 kg
ha~"' (CF-1)

K-12.0, S -7.2, Cu-0.09, Zn-0.13
Chemical fertilizer - 2 55 kg
ha~" (CF-2)

S -7.2, Cu-0.09, Zn-0.13
Chemical fertilizer — 3 43 kg
ha~' (CF-3)

S -7.2, Cu-0.09, Zn-0.13

Gusto Gold from Summit Fertilizers - fully granulated compound
fertilizer with all nutrients in each granule as in % (w/w) N-10.2, P-13.1,

Gusto Gold from Summit Fertilizers- fully granulated compound fertilizer
with all nutrients in each granule as in % (w/w) N-10.2, P-13.1, K-12.0,

Gusto Gold — Summit Fertilizers- fully granulated compound fertilizer
with all nutrients in each granule as in % (w/w) N-10.2, P-13.1, K-12.0,

Equivalent to 7.3 kg N and 8.4 kg P ha~" which includes
recommended on-farm equivalent rates of N and P
respectively; (1g pot~1)

Equivalent to 5.6 kg N and 6.5 kg P ha~" which matched
the N in the mineral fertilizer; (0.735g pot™")

Equivalent to 4.9 kg N and 5.6 kg P ha~" which matched
the P in the mineral fertilizer; (0.574g pot~1)

75 kg ha=! (equivalent to 5.6 kg N ha~! and 5.6 kg P ha™!),
(iv) CE-1: 75 kg ha~! of a traditional soluble chemical fertilizer
(equivalent to 7.3 kg N ha~! and 8.4 kg P ha™!, applied at
the recommended on-farm), (v) CF-2: 55 kg ha~! of the same
chemical fertilizer (equivalent to 5.6 kg N ha~! and 6.5kg P ha™!
that matched the N concentration in the mineral fertilizer), and
(vi) CF-3: 43 kg ha™! of the same chemical fertilizer (equivalent
to 4.9 kg N ha~! and 5.6 kg P ha~!, which matched the P
concentration in the mineral fertilizer).

Soil Properties and Plant Growth

Conditions

Field soil at 0-10 cm depth was collected from an agricultural
field at Dowerin, Western Australia (latitude 31.22°S, longitude
117.02°E). The soil was a moderately nutrient-deficient, loamy
sand with the following properties: pH (1:5, soil/water) 5.7, EC:
0.133dS m™!, soil bulk density 1.5 g cm~3, 10.8g organic Ckg~!,
total N: 0.9 g kg~ !, C:N ratio 12.2gkg™!, NH; © -N 2mg Kg~!,
NO3 -N 29mg Kg’1 and 24 mg available Colwell P kg’l. The
soil was sieved to 2 mm immediately after collection and stored
at 4°C prior to potting in 2L undrained pots. We measured the
above parameters by following standard methods (Rayment and
Lyons, 2010).

The microbial inoculant and fertilizers were added separately
to the soil according to the treatments (Table 1). The microbial
inoculant powder was homogenously mixed into the top 3 cm
soil. Fertilizers were also homogenously mixed into the top 3 cm
soil in the respective treatments. The agricultural soil had been
previously cropped with wheat and contained a community of
naturally occurring AM fungi (Rhizophagus irregularis). Wheat
(Triticum aestivum L. cultivar: Wyalkatchem) was sown as it is
widely grown in south-western Australia. Seeds were carefully

selected for uniformity. Four seeds were sown in each pot, and
the seedlings thinned to two per pot after emergence. The soil in
each pot was watered and maintained at 70% (w/w basis) field
capacity.

Harvesting and Nutrient Analysis

Plant growth was assessed as plant height, number of tillers
(Table 2), total biomass, grain quantity, 1000 grain weight, grain
yield and nutrient concentration from shoot and grains. The
number of generative tillers was counted just before flowering.
Shoot and root fresh and dry weights were measured at tillering
(7 weeks) and at maturity (12 weeks). Shoots were dried at 70°C
in a forced-air oven for at least 72 h, weighed and finely ground.
N was assessed using combustion analysis in an Elementar (vario
Marco CNS; Elementar, Germany). Subsamples were digested
in 5:0.5 HNO3-HCIO4 (Simmons, 1975, 1978). P and K were
measured using a Perkin Elmer Optima 5300dv instrument.
Shoot N, P and K uptake were calculated as the product
of shoot dry mass yield and the concentration of individual
macro-element.

The number of grains per ear was determined at maturity
and 1000 grain weight was calculated (Table 2). Harvest index
was calculated as the dry matter of grain yield divided by the
sum of dry matter of grain yield and straw yield (Metho and
Hammes, 2000). Wheat grains were ground prior to chemical
analysis, and N, P and K uptake in grains were calculated as
the product of grain dry mass yield and the concentration of
individual macro-element.

Soil DNA Extraction, PCR Amplification,

and Sequencing
At each harvest, roots were carefully removed from the soil
and shaken to remove loosely adhering soil. The more tightly
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TABLE 2 | Grain yield, harvest index, grain number per pot, and 1000 grain weight at maturity in the six treatments: control, microbial inoculant (Microbes), mineral
fertilizer (MF), and three rates of chemical fertilizer [CF-1 (75 kg ha~'), CF-2 (55 kg ha~") and CF-3 (43 kg ha— ).

Treatment Grain Yield (g pot~) Harvest index (%) Grain number (pot=1 1000 Grain weight (g) Tiller number
Control 3.80 £ 0.14a 86 £ 0.1c 81 £ 3.1a 47.13 + 1.02a 4.0 + 0a
Microbes 4.41 £0.18b 85 + 0.5bc 92 +6.3a 49.03 + 0.93a 3.3+ 0.14a
MF 4.70 £ 0.16b 78 + 0.2a 150 + 2.5bc 47.09 + 1.66a 6.5+ 0c
CF-1 4.66 + 0.14b 76 + 0.4a 169 £ 5.1¢c 46.62 + 0.14a 6.4 +0.31c
CF-2 4.41 £ 0.03ab 78 + 0.9a 139 £+ 8.4b 44,12 + 0.35a 6.4 + 0.24c
CF-3 4.25 + 0.07ab 83 + 0.5b 95 + 2.6a 4479 + 1.76a 5.3+ 0.14b
LSDg.05 0.404 1.6 15.3 3.84 0.539
P-value 0.002 <0.001 <.001 0.147 <.001

Means followed by the same letter within a column are not significantly different according to LSDo,os.

adhering rhizosphere soil (Mickan et al., 2017) was collected and
used for subsequent analysis of rhizosphere bacteria. Rhizosphere
soil was transferred to a —20°C freezer prior to DNA extraction as
described previously (Mickan et al., 2017). Paired end sequencing
on the Ilumina MiSeq was performed using the primer set of
27F-519R (Lane et al., 1985; Lane, 1991).

Bioinformatics

Paired-end reads were assembled by aligning the forward
and reverse reads using PEAR (version 0.9.5) (Zhang et al.,
2014). Primers were identified, and trimmed sequences were
processed using Quantitative Insights into Microbial Ecology
(QIIME 1.8) (Caporaso et al, 2010) USEARCH (Edgar,
2010; Edgar et al., 2011) (version 8.0.1623) and UPARSE
software. Using USEARCH tools sequences were quality filtered,
and full-length duplicate sequences removed and sorted by
abundance. Singletons or unique reads in the data set were
discarded. Sequences were clustered following chimera filtering
using the “RDP_Gold” database as a reference, Reads were
mapped back to OTUs with a minimum identity of 97% to obtain
the number of reads in each OUT. Using QIIME, taxonomy was
assigned using the Greengenes database5 (Version 13_8, Aug
2013).

Arbuscular Mycorrhizal (AM)
Colonization in Roots

Roots were washed well with tap water to remove any remaining
adhering soil particles, blotted dry with tissue paper, weighed,
cut into 1 cm segments and mixed thoroughly. A 1g subsample
of roots was taken and stained prior to assessment of AM
fungal colonization (Abbott and Robson, 1981). After random
dispersion of the stained roots in a 9-cm diameter Petri plate
with gridlines, the percentage of root length colonized by AM
fungi and meter of root length colonized were determined using
the gridline intersect method (Giovannetti and Mosse, 1980) and
estimated the root length (Newman, 1966).

Soil Analysis at Harvest

EC and pH were measured (1:5 soil/water ratio) using a probe
inserted into the water and 0.01M CaCl,, respectively. Soil
pH was determined with a glass electrode (pH probe) using a
soil-to-water ratio of 1:5 mixture and with CaCl, as well. The soil

EC was measured in water at 1:5 (w/v) ratios. Soil EC was also
measured in CaCl, at 1:5 (w/v) ratios.

Statistical Analysis

One-way analysis of variance (ANOVA) was carried out using
Genstat 18th edition (64 bit) software for wheat growth,
mycorrhizal colonization, basic soil data and wheat nutrient
data for shoots and grain. Main effects were compared using
the least significant difference (LSD) for multiple comparison
tests, where P < 0.05 was considered the threshold value
for significance. The effect of treatments on wheat biomass,
grain yield and components of yield were investigated using
ANOVA.

To assess bacterial community assemblages and alpha (o)
diversity, a two-way ANOVA was applied to test for the
effects of ‘Fertilizer’ and ‘Harvest time’ treatments on bacterial
relative abundance and alpha diversity. To assess the OTU
level community data, a non-metric multidimensional scaling
(NMDS) plot of soil bacterial community at tillering and
maturity, and fertilizer treatments using Bray-Curtis dissimilarity
matrix method (97% similarity). A permutational multivariate
analysis of variance (PERMANOVA) was used to test the
significant difference between taxonomic bacterial (OTU level)
data (beta diversity) and treatments (fertilizer and harvest time)
using 999 permutations in the ‘vegan’ package (Oksanen et al,,
2013).

RESULTS
Plant Growth and Yield

There were significant differences between the microbial
inoculant, mineral and chemical fertilizer treatments (P<0.001),
with the greatest effects on shoot and root biomass in the fertilizer
treatments relative to the microbial inoculant and the untreated
control at tillering and maturity (Figures 1A,B).

Shoot and root dry weights were unaffected by the application
of the microbial inoculant (P < 0.05; Figures 1A,B). At
tillering, shoot dry weight increased with the application of
mineral and chemical fertilizer (Figure 1A). Total shoot dry
weight accumulation increased with increasing levels of chemical
fertilizer, especially at maturity (Figure 1A). The lower chemical
fertilizer rate had little effect on plant growth, while the higher
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significant within each sampling time.

FIGURE 1 | (A) Shoot dry weight and (B) root dry weight at tillering and maturity in the six treatments: control, microbial inoculant (Microbes), mineral fertilizer (MF),
and three rates of chemical fertilizer [CF-1 (75 kg ha™"), CF-2 (55 kg ha~ '), and CF-3 (43 kg ha~")]. Mean data followed by a similar letter(s) are not statistically

®Tillering ™ Maturity

Root DW (g/pot)
¥

CF-2

Control Microbes MF CF-1 CF-3

fertilizer rate increased shoot growth (Figure 1A). A similar trend
was observed for root dry weight, except with the CF-2 (55 kg
ha™!) treatment (Figure 1B).

The microbial inoculant produced less shoot and root dry
weight at tillering and maturity than did the mineral and chemical
fertilizers when applied at equivalent rates (Figures 1A,B). At
maturity, the microbial inoculant produced similar shoot dry
weight to the lowest rate of chemical fertilizer (43 kg ha=!), but
less than the two higher rates (55 and 75 kg ha™!), and lower
root dry weight than the three chemical fertilizer treatments
(Figure 1B).

The microbial inoculant increased grain yield relative to the
control (P < 0.05, Table 2). Harvest index was not affected by
the microbial inoculant (P > 0.05, Table 2) but was decreased
with all fertilizer treatments relative to the control. Thousand
grain weight was not affected by any of the treatments (P > 0.05,
Table 2). The mineral fertilizer and chemical fertilizer treatments
generally increased grain number (Table 2); the microbial
inoculant produced the higher grain yield than the control, but
it did not differ from any of the fertilizer treatments (Table 2).

Nutrient Concentration and Uptake
The microbial inoculant and mineral fertilizer treatments had no
effect on shoot N concentration at tillering and maturity, except
for an increase with 75 kg ha™! chemical fertilizer at tillering but
not at maturity (Table 3). The shoot P concentration of wheat
treated with the microbial inoculant was similar to that of the
control at tillering but was higher with the mineral and chemical
fertilizer treatments. At maturity, there was no difference in P
concentration of shoots treated with the microbial inoculant and
chemical fertilizer compared with the control, but it was lower for
the mineral fertilizer (Table 3). Wheat treated with the microbial
inoculant had a similar shoot K concentration to that of all other
treatments at tillering, but at maturity, it was lower than the two
higher rates of chemical fertilizer (55 and 75 kg ha=1).

The N, P, and K uptake by shoots were significantly influenced
by treatments both at tillering and maturity (Supplementary

Table S1; p<0.001). At both tillering and maturity, wheat
inoculated with the microbial inoculant had similar N, P, and K
uptake to the control plants, but lower than the fertilized plants,
except for P and K uptake which was similar to 43 kg/ha chemical
fertilizer (Supplementary Table S1).

Wheat inoculated with the multiple species microbial
inoculant had similar grain N concentration compared to
all other treatments, but it was reduced with all fertilizer
treatments compared to control (Supplementary Table S2).
Grain P concentration was higher with the mineral and chemical
fertilizer at 75 kg ha™!, but there was no effect of the microbial
inoculant. Grain K concentration was the same for the microbial
inoculant and the control but lower with the fertilizer treatments
(Supplementary Table S2).

Application of the microbial inoculant did not increase grain
N uptake. P uptake in grain with the microbial inoculant was
same as that of the control and chemical fertilizer applied at
both 43 and 55 kg ha™! (Supplementary Table S2). Microbial
inoculant application increased K uptake in wheat grain
compared to all fertilizer treatments (Supplementary Table S2).

Soil pH
Although the overall variation in soil pH was moderate, ranging
from 4.5 to 5.8, there was a significant difference in pH between
soils receiving the microbial inoculant and mineral fertilizer
treatments (P = 0.05, Supplementary Table S3). Application of
the microbial inoculant significantly increased soil pH (measured
in water and CaCl,) at maturity compared to all other fertilizer
treatments.

AM Fungal Colonization

Mycorrhizal colonization was recorded at both tillering
and maturity (Figure 2A). Colonization (%) increased with
application of the microbial inoculant compared to all chemical
fertilizer treatments at tillering but not at maturity (Figure 2A).
The mineral fertilizer treatments had the highest length of
root colonized by AM fungi at tillering relative to all other
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TABLE 3 | Shoot N, P, and K concentrations at tillering and maturity in the six treatments: control, microbial inoculant (Microbes), mineral fertilizer (MF), and three rates of

chemical fertilizer [CF-1 (75 kg ha=1), CF-2 (55 kg ha= '), and CF-3 (43 kg ha—")].

Treatment Tillering Maturity

N (%) P (%) K (%) N (%) P (%) K (%)
Control 2.19 + 0.02a 0.36 + 0.02ab 3.79 &+ 07ab 0.35 £ 0.01a 0.31 £ 0.01b 1.9 4+ 0.09ab
Microbes 2.40 £+ 0.08a 0.34 + 0.03a 3.95 4+ 0.09ab 0.35 £+ 0.04a 0.25 + 0.03ab 1.6+ 0.17a
MF 258 +£0.17a 0.46 + 0.02b 4.00 + 0.19b 0.40 £+ 0.02a 0.17 £ 0.01a 2.1 £ 0.09ab
CF-1 3.15+ 0.16b 0.62 + 0.02c 4.38 +£0.21b 0.40 £ 0.02a 0.30 &+ 0.02b 2.4 +0.12b
CF-2 2.57 £0.10a 0.61 £ 0.02¢ 413+ 0.17b 0.37 £ 0.02a 0.26 + 0.02b 2.3+0.13b
CF-3 2.33 + 0.08a 0.58 + 0.01c 3.31 + 0.06a 0.35 £+ 0.03a 0.28 + 0.02b 1.9 4+ 0.09ab
LSDg 05 0.354 0.078 0.44 0.077 0.056 0.356
P-value <0.001 <0.001 0.002 0.472 <0.001 0.002

Means followed by the same letter within a column are not significantly different according to LSD ¢ 5.
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treatments except the chemical fertilizer at 55 and 75 kg
ha=!, and was greatest at maturity for chemical fertilizer
applied at 75 kg ha~! (Figure 2B) compared to the microbial
inoculant.

Soil Bacterial Community Composition
and Diversity
The bacterial phyla Proteobacteria (36%) and Actinobacteria
(35%) were dominant in all rhizosphere soil for treatments
(Figure 3). Alpha diversity showed that the fertilizer
treatments altered Evenness (P < 0.001) and OTU richness
(P = 0.03) as well as the diversity index of Inverse Simpson
(P = 0.005) and Fisher (P < 0.001) (Supplementary Table S4).
There were no significant effects of treatments at maturity.
However, there were interactions between fertilizer and
harvesting time for OTU richness (P < 0.001) and Fisher
(P = 0.042).

The relative abundance at phylum level varied with
the fertilizer treatments for Actinobacteria (P < 0.001),
Proteobacteria (P < 0.001), Chloroflexi (P < 0.001),

Planctomycetes (P < 0.001), Firmicutes (P < 0.001), and
Bacteroidetes (P < 0.001). The relative abundance of
Actinobacteria (P = 0.016), Proteobacteria (P = 0.001), and
Firmicutes (P < 0.001) varied with harvesting time. There were
interactions between fertilizer and harvest time for Firmicutes
(P < 0.001) and for TM7 (P = 0.001) (Supplementary Table S5
and Figure 4).

Impact of Fertilizer Treatments and
Harvesting Time on Bacterial OTU

Community Composition

A NMDS plot was used to visualize the community assemblages
at the OTU level. There was distinct clustering of all treatments,
although the microbial inoculant and the mineral fertilizer
treatments had similar community assemblages (Figure 5).
PERMANOVA revealed that the fertilizer treatments significantly
altered the community composition at the OTU level (P < 0.001),
and it also changed with time of harvest (P = 0.003). There was
an interaction between fertilizer and harvest time (P < 0.001)
(Supplementary Table S6).
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DISCUSSION

We hypothesized that a mixed microbial inoculant would be as
effective as a mineral fertilizer applied at the recommended
level for wheat growth and vyield in the agricultural
soil used. Indeed, the microbial inoculant significantly
increased grain yield without increasing shoot growth of
wheat.

The wheat response to N and P fertilizer (a conventional
chemical fertilizer) and the low soil organic matter content
in the soil indicated that the mineralization potential of this
soil was far below the N and P requirements of the wheat
crop. Previous studies with different microbial inoculants have
shown increased plant height and spikelets per spike in various
crops (e.g., Khalid et al., 1997; Biswas et al., 2000b). Several
studies reported increased seed P content associated with the
application of phosphate-solubilising microorganisms (Kucey,
1987; Mehana and Wahid, 2002; Zaidi et al., 2004). However,
the microbial inoculant used in our study did not affect
P concentration but did increase N and K concentrations
(P < 0.001).

The mineral fertilizer was expected to be less effective
than the chemical fertilizer when applied at equivalent levels
of N and P because of differences in solubility of these
nutrients. Unexpectedly, for grain yield, the mineral fertilizer
was as effective as all of the chemical fertilizer treatments.
For shoot growth, the mineral fertilizer was as effective as the

chemical fertilizer when applied at equivalent levels of N and
P at tillering, and when applied at equivalent levels of N at
maturity.

It was expected that the mechanisms underlying potential
benefits of the microbial inoculant in this study would be
linked to soil bacterial diversity in the rhizosphere and root
colonization by AM fungi. The microbial inoculant was
expected to complement the existing bacterial community in
the rhizosphere, but relatively minor changes in the bacterial
community composition were recorded at maturity. In relation
to mycorrhizal colonization, it was expected that the microbial
inoculant and mineral fertilizer would not influence colonization
of the wheat roots by AM fungi, but the chemical fertilizer
would reduce the extent by which roots were colonized
by AM fungi. However, mycorrhizal colonization of roots
increased with application of the microbial inoculant at
an early stage of plant growth (tillering) where benefits to
the plant could be expected. In contrast, as expected, the
chemical fertilizer decreased mycorrhizal colonization, which
could reduce potential benefits compared to plants with
higher AM fungal colonization in the microbial inoculant
treatment. Low nutrient availability stresses plants, which
leads to the development of longer and more active roots
with mycorrhizas that scavenge for nutrients (Hui-Lian,
2001).

The microbial inoculant used in our study contained
a group of beneficial microorganisms that promoted plant
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growth and increased grain yield in the absence of chemical
fertilizer. Based on previous studies, this could be attributed
to increased photosynthetic capacity and nutrient availability
(Hui-Lian, 2001). Overall, the application of fertilizer to this
soil had little effect on the bacterial community composition,
with increases in relative abundance of only two of the top
25 most-abundant OTUs (Proteobacteria and Actinobacteria).
Farmers have anecdotally reported increases in plant growth,
yield and grain quality following application of a range of
microbial inoculants. Further studies are needed to examine the
mechanisms of how microbial inoculants influence plant growth
to elucidate issues confronted in the technology of microbial
inoculant development.

CONCLUSION

The multiple species microbial inoculant stimulated grain
yield of wheat to the same level as did the fertilizers
applied to the moderately N and P deficient soil used
in this experiment. While microbial inoculation is unlikely
to significantly change the abundance and composition of
indigenous microbial communities, the localized intervention
via inoculation has the potential to contribute to nutrient
cycling in the wheat rhizosphere. Combinations of microbial
inoculants and fertilizers of different elemental solubility
should be investigated to identify alternative strategies for
increasing profitability and sustainability of crop production,
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