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Abstract

Background and aims Diversifying grassland sward
composition and application of microbial inoculants
are potential alternative routes to facilitate enhanced
nutrient acquisition by plants, but their relative
effects have been rarely tested in grasslands. In a two-
year field experiment, we investigated the impact of
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inoculants and sward types on forage yield, nutrient
uptake, and the soil microbiome.

Methods We implemented a fully factorial experi-
ment with inoculants (eight levels; arbuscular mycor-
rhizal fungi (AMF), Paraburkholderia phytofirmans
PsIN and Bacillus sp. P5 (P5), applied singly and in
combination), and sward types (three levels: grass-
only, grass and legume, mixture of grass, legume, and
herb) as the two factors.

Results In both years, there was a very strong
effect of sward type, with the grass+legume and
grass+legume +herb swards having much higher
yields and nutrient uptake (N, P, K, S, Ca, Mg, Zn,
Cu) than grass-only. Generally, there was no effect
of the inoculants on yield and nutrient uptake, with
limited exceptions involving AMF+P5. The best-
performing microbial inoculant increased forage yield
by 597 kg/ha/year, while switching from grass-only
to one of the other sward types increased forage yield
by 3932 kg/ha/year (grass+legume) and 4693 kg/ha/
year (grass +legume + herb). The inoculants persisted
in plots for > 1 year after application. Inoculants and
sward type significantly affected the overall prokary-
otic and fungal community structures.

Conclusion Overall, under controlled field plot con-
ditions, including legumes and herbs in a grass sward
proved to be a far better farm-scale management strat-
egy for increasing grassland forage yield and nutrient
uptake than the application of microbial inoculants.
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Introduction

Agricultural production relies heavily on the use of
chemical inputs such as fertilizers and pesticides, that can
cause negative environmental impacts (poor water qual-
ity, increased greenhouse gases, biodiversity loss, lower
C sequestration potential). This in turn affects soil health
and ultimately the sustainability of the system (Tilman
et al. 2002). The delivery of ecosystem services such as
clean water, maintenance of soil health for productivity,
and the support for biodiversity are the main drivers of
sustainability initiatives (Teague and Kreuter 2020).

Plants live in close association and interact with both
rhizosphere and endophytic microorganisms. These
microorganisms, mainly bacteria and fungi, can be used
as inoculants positively affecting the performance and
growth of plants, particularly under stress conditions
(Benmrid et al. 2023; Cornell et al. 2021). Microbial
inoculants that can increase nutrient uptake in plants
(biofertilizers) are proposed as a sustainable alternative
to chemical fertilizers by utilising the beneficial inter-
actions between plants and specific microorganisms.
These bioinoculants mainly include nitrogen-fixing
bacteria, phosphate-solubilizing bacteria, and mycor-
rhizal fungi (Esmaeel et al. 2018; Glick 2004; Marsch-
ner and Dell 1994). Benefits of microbial inoculants
can include increased nutrient availability, improved
soil structure, reduced dependence on synthetic chemi-
cal fertilizers, and minimized environmental impact
(Schiitz et al. 2018). Seed inoculation with beneficial
microorganisms has been reported as a promising tool
for improving plant growth and development in cereals
(Divan Baldani et al. 2000; Galindo et al. 2021; Mit-
ter et al. 2017; Naveed et al. 2014, 2015), for tomatoes
(Gravel et al. 2007; Issa et al. 2018; Pillay and Nowak
1997), and other crops (Omirou et al. 2016; Vessey and
Buss 2002; Zhang et al. 2019).

Several studies have shown that arbuscular myc-
orrhizal fungi (AMF) can enhance the absorption
of plant nutrients (especially phosphorus), increase
drought tolerance, and confer resistance to disease
in plants (Augé et al. 2001; Lutz et al. 2023; News-
ham et al. 1995; Shi et al. 2023; Walder and van der
Heijden 2015). In addition, several strains belonging
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to the genera Bacillus and Paraburkholderia (mainly
strain PsJN) are well recognized as plant growth pro-
moting bacteria (Bashan and Holguin 1998; Rahman
et al. 2018; Sheibani-Tezerji et al. 2015).

There are many proposed bioinoculants, but their
use needs to be underpinned by supporting scientific
evidence of their effectiveness as biofertilizers. The
perennial nature of grasslands with low disturbance
and typically high soil C content (which often sup-
ports a high diversity of well adapted microbial com-
munities) may make establishment of bioinoculants
in grassland more challenging than in other crops.
Surprisingly little evidence is available for the effec-
tiveness of the many bioinoculant products that are
available for use in grassland systems. Even where
there are examples of effective bioinoculant use in
cereals, trees, tomatoes, etc., (Li et al. 2022) the
realism and farm-scale relevance of the conditions
in many experiments can be questioned: often steri-
lised soil is used; studies are typically limited to pot
experiments; experiments are of short duration; con-
ducted in controlled environments (e.g. chambers or
glasshouses) that do not necessarily reflect outdoor
growing conditions for farmed crops (Bauer et al.
2012; Berruti et al. 2016; Kim et al. 2012; Lekberg
and Helgason 2018; Pankova et al. 2018; Wang et al.
2015; Yu et al. 2022). Questions remain regarding
the capacity of microbial inoculants to compete for
niche space with the locally adapted microbial com-
munity and the impacts, if any, that they have on the
native soil microbial community (Cornell et al. 2021;
O’Callaghan et al. 2022; Trabelsi and Mhamdi 2013).

In intensively managed temperate grassland sys-
tems, perennial ryegrass (Lolium perenne) is the
commonly sown grass species because of its high
quantity and quality of forage (Frame and Laidlaw
2011). However, perennial ryegrass systems are heav-
ily dependent on high inputs of inorganic nitrogen
(N) fertilizer. This system has become increasingly
unsustainable due to multiple reasons that include
widespread policy aims and drivers for lower N fer-
tiliser use, increased fertilizer costs, negative envi-
ronmental impacts, and concerns regarding impacts
on soil biodiversity (Bell et al. 2015; Canfield et al.
2010; Reheul et al. 2017). As an alternative, the use
of grass/clover and multispecies forage swards have
been shown to support high forage yields at simi-
lar or even reduced inorganic N input rate (Grange
et al. 2021; Moloney et al. 2020), delivering multiple
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benefits including enhanced environmental outcomes
such as reduced nitrous oxide emissions intensity
(Cummins et al. 2021), weed suppression (Connolly
et al. 2018; Shnel et al. 2021), drought resilience
(Grange et al. 2021) and enhanced biological soil
quality (Ikoyi et al. 2023).

As the cost of chemical fertilizers continue to rise
and policies related to the reduction in use of chemi-
cal fertilizers are enacted, there is a need for practi-
cal solutions that can be implemented at farm scale
in intensively managed grassland systems. Testing the
combination of microbial inoculants with different
levels of grassland sward diversity under field condi-
tions is highly novel. Understanding the relative ben-
efits of bioinoculants and sward diversity both sepa-
rately and in combination is necessary to underpin
advice for farm-scale decision-making.

In this study, we implemented a fully factorial
experiment in a two-year field experiment with the
two factors ‘bioinoculants’ (singly and in combina-
tion) and ‘sward diversity’, to address the following
research questions: 1) What is the effect of bioinocu-
lants, sward diversity and their interaction on yield
and nutrient uptake? 2) Do the bioinoculants persist
in soils following application? 3) What is the effect of
sward type and bioinoculants on the wider soil micro-
bial community diversity and structure?

Materials and methods

Site description, treatments, field establishment and
field sampling

A field trial was established in 2020 on a permanent
grassland site in the southeast of Ireland located

at the Teagasc, Johnstown Castle Research Station
(52°17’N; 6°30°W) beef farm. The soil type at this
site was a Typic Cambisol with a sandy loam tex-
ture and was managed under natural rainfall condi-
tions and according to normal grassland agronomic
practice in Ireland. The site was selected because of
existing low P levels (Index 1-2, Morgan’s P). Prior
to the establishment of the experiment the site was
sprayed with glyphosate prior to being deep ploughed
and power harrowed. The plots were marked out in
a randomised complete block design with six replica-
tions and a plot size 5 m x 2 m. The seed for each
grassland sward type (grass only, grass+legume and
grass +legume +herb) were sown by hand on 17th
September 2020. After sowing, the area was tine-har-
rowed to get good soil seed contact for germination,
and then rolled to compact the surface and cover the
seed.

The eight microbial biofertilizer treatments
included a control, AMF and two bacterial strains
(Paraburkholderia phytofirmans PsIN and Bacillus
sp. P5) applied either singly or in tandem (Table 1)
under three grass sward vegetation types based on
the following seed weight proportions: grass-only
(100% Lolium perenne), grass+legume (70% Lolium
perenne, 30% Trifolium repens) and grass+leg-
ume+herb (30% Lolium perenne, 25% Phleum
pratense, 20% Trifolium repens, 10% Trifolium prat-
ense, 7% Cichorium intybus, and 8% Plantago lan-
ceolata). These microbial strains were selected for
their proposed ability to promote plant growth. The
plots received 100 kg ha™! yr™! of N in the form of
protected urea, split evenly into five applications.
Approximately four to six weeks after each ferti-
lizer application, grass was cut to 5 cm, yield was
recorded, and all grass removed from the plot. Soil

Table 1 The inoculant

Treatment type

Microbial treatment

treatments applied to each

of the three vegetation types 1. Control

2. AMF

3. PsIN
AMF Arbuscul P

rbuscular

Mycorrhizal Fungi (mix of 5. AMF+PsIN
Rhizophagus Irregularis 6. AMF +P5
QS81, Funneliformis 7. PSIN+P5
Mosseae D54 and 8. AMF+ PsJN +P5
Funneliformis caledonium
Bal)

None

Arbuscular Mycorrhizal Fungi

Paraburkholderia phytofirmans PsJIN

Bacillus sp. P5

Arbuscular Mycorrhizal Fungi, Paraburkholderia phytofirmans PsIN
Arbuscular Mycorrhizal Fungi, Bacillus sp. P5

Paraburkholderia phytofirmans PsIN, Bacillus sp. P5

Arbuscular Mycorrhizal Fungi, Paraburkholderia phytofirmans
PsIN, Bacillus sp. P5

@ Springer
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samples were collected after each harvest as a com-
posite sample (1015 soil cores) being taken at O to
10 cm soil depth along a W pattern across each plot.
The cores were placed in sterile plastic bags and
homogenised before taking a subsample for molecu-
lar analysis, which was immediately flash frozen
using liquid nitrogen and stored at -80 °C until further
analysis.

Seed preparation

The AMF inoculum was a commercial product
(Advantage grade I; 78.5 Mio propagules/kg; INOQ
GmbH): Bacterial strains of P. phytofirmans PsIN
and Bacillus sp. P5 were provided by AIT Austrian
Institute of Technology and a commercial company,
respectively. Cultures of the bacterial strains (P.
phytofirmans PsIN and Bacillus sp. P5) were inocu-
lated in Luria-Bertani (LB) broth and grown aerobi-
cally at 28 and 30°C, respectively for 24 h (P5) and
48 h (PsIN). The grown cultures were centrifuged for
20 min at 3000 X g to concentrate the cells. The con-
centrated cells were re-suspended in sterile phosphate
buffered saline (PBS), adjusted to a concentration of
1x10° CFU/ml by measuring the absorbance of the
sample at 600 nm, and calculating CFU per ml using
a standard curve. Bacterial inoculants were added to
the weighed seeds for each individual plot and shaken
in the New Brunswick Innova 44R incubator (Fisher
Scientific, Ireland) for 1 h at 135 RPM at 25°C. Con-
trol seeds were soaked in sterile PBS. Excess liquid
was removed from the seeds using a sterile syringe
and needle. Within two hours of inoculation, the inoc-
ulated seeds were taken to the field for sowing on the
same day. A subsample of the soaked seeds was taken
for DNA extraction and qPCR analysis for the detec-
tion of the bacterial strains (see Sect. 2.3 for details
on molecular analyses). For the AMF treatments, for
each plot, 1 g of AMF was mixed with 100 g of sand
and stored in a separate cup to the seed mixture. On
the field, the seeds for each plot were mixed with 2 kg
of sand (also mixed with the cup containing AMF for
AMF treatments) and spread evenly on the plot by
hand.

Forage analyses

A composite sample of fresh weight aboveground
biomass from each harvest and plot was weighed
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and dried at 70 °C until it reached a constant weight.
Once dried, dry weight biomass was recorded and
used to calculate dry matter yield. The dried sam-
ples were ground, sieved to 2 mm size and used for
nutrient analysis. Total crop P, K, S, Mg, Cu and Ca
were analysed using an Agilent 5100 ICP-OES after
microwave-assisted acid digestion of the sieved sam-
ples (USEPA, 1996). Total N was determined using a
combustion analyser (LECO TruSpec CN analyser).
Nutrient uptake was calculated as the product of
nutrient concentration in yield (%) and total yield.

Molecular analyses

To confirm the inoculation of the treated seeds, DNA
was extracted from 0.25 g of inoculated seeds using
DNeasy PowerSoil Pro kit (Qiagen, Ireland) as per
the manufacturer’s instructions. Prior to extraction,
the seed samples were blended using a D1000 hand-
held homogeniser (Sigma-Aldrich, Ireland). Nucleic
acids were re-suspended in 100 ul diethylpyrocarbon-
ate (DEPC) treated water. DNA quality was assessed
by gel electrophoresis and the Nanodrop 2000 spec-
trophotometer (Thermo Fisher, Ireland). DNA was
quantified using the Qubit fluorometer and qubit
dsDNA BR Assay Kit (Thermo Fisher, Ireland). Each
sample was tested for inhibitors prior to running
gPCR assays using the plasmid spike test as described
in Duff et al. (2022). A gPCR was carried out to
detect the presence of the inoculated bacteria (PsIN
and P5) on the soaked seeds and to quantify persis-
tence of the strains in the soil over time (Table S1).
Standard curves for gPCR were constructed from the
target genes. A one-in-ten dilution series of appropri-
ate standard was used over a six-point dynamic range
from 107 to 107 gene copies per ul (Table S1). Each
10 ul qPCR reaction mixture contained 5 pl SsoAd-
vanced Universal Probes Supermix (Biorad, USA)
or Takyon™ Low ROX SYBR 2X MasterMix blue
dTTP (Eurogentec, Belgium) for the PsJN probe
based and P5 SYBR assays respectively, 2 ul template
DNA (1 ng/ul) and primers (10 uM each of forward
and reverse primers) using thermal cycling conditions
specific for each assay (Table S1). No-template con-
trols (NTC) were included in triplicates. Specificity
of the amplicons for the Bacillus sp. P5 specific assay
was confirmed by melt curve analysis at the end of
each qPCR experimental run.
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To assess the impact of the bioinoculant treatments
on the wider soil microbiome, DNA was extracted
from soil and root samples collected all plots on
three sampling occasions (April 2021, October 2021
and June 2022). Prior to DNA extraction using the
Dneasy PowerSoil Pro kit (Qiagen) procedure, root
samples were cut into smaller fragments with a scis-
sors (rinsing with 70% ethanol between samples) and
blended using a handheld blender for 30 s. Further-
more, on plots that received a bacterial inoculant, the
abundance of the microbial targets was quantified by
gPCR to assess the persistence of the bioinoculants
in soil. Amplicon sequencing was carried out using
the primers 515F_Y/926R for 16 S rRNA gene (tar-
geting both bacterial and archaeal communities) and
ITS86F/ITS4R targeting the fungal ITS region on
samples from a selection of replicates (4 per treat-
ment group) at the three sampling times (Table S1).
Sequencing of the prokaryotic and fungal communi-
ties were carried out at the Novogene Bioinformat-
ics Technology Co., Ltd. After library preparation,
sequencing was achieved using the Illumina NovaSeq
platform (PE250). All the sequence data were submit-
ted to the Sequence Read Archive National Center for
Biotechnology Information database under the pro-
ject accession number PRINA1079651.

Statistical and bioinformatic analyses

All non-sequencing data was tested for normal-
ity using the Shapiro-Wilk test and log-transformed
where the normality assumption was violated. Where
the data met the assumptions of analysis of variance
(ANOVA), the differences in the means of forage
dry matter (DM) yield, and forage quality analy-
ses between treatments were tested using a one-way
ANOVA followed by a Tukey post hoc test.

All sequencing statistical analyses were performed
using the R software (v. 4.0.2, R Core Team 2020).
The DADA?2 pipeline was used to filter, trim, merge
paired end reads, remove chimeras, and construct an
amplicon sequence variants (ASV) table (Callahan
et al. 2016). Taxonomy was assigned using the Silva
v138 database for 16 S rRNA gene reads and the
UNITE v2020 database for ITS reads. Alpha diver-
sity was calculated using ‘phyloseq v 1.16.2’ package
(McMurdie and Holmes 2013) before the removal of
singletons. The data was checked for normality using
histograms and the Shapiro-Wilk’s test followed by

an ANOVA to check if there was a significant dif-
ference across treatments (stats v 3.6.2). Singletons
were then removed and the ratios between ASVs were
explored rather than relative abundance to avoid the
biases associated with the compositional nature of
the sequencing data (Gloor et al. 2017). The centered
log-ratio (clr) transformation was applied to the ASV
table with the ‘compositions’ package (v. 1.2.0; (van
den Boogaart et al. 2018). The clr-transformed data-
set was used to prepare a Principal Component Anal-
ysis (PCA) using the rda function in ‘vegan’ and plot-
ted with ‘ggplot’ (Wickham 2009). To understand the
change in community structure across treatments, a
permutational multivariate analysis of variance (PER-
MANOVA) was performed with the adonis function
in ‘vegan’ package using Euclidian distance (Oksanen
et al. 2013). If the PERMANOVA was significant, the
pairwise.adonis function in ‘vegan’ was used to pin-
point the significant differences between treatments.

Results
Sward yield and nutrient uptake

A visual check of the realised botanic composition of
the swards showed that the plant species established
in their sown sward types (Fig. S1). Sward type had
a much stronger effect on forage yield than microbial
inoculation in both years (Fig. 1). There was no inter-
action between the sward types and the inoculants in
either year (Table 2). In 2021, yield in grass+leg-
ume+herb swards were higher (P <0.05) than those
in either grass+legume or grass-only plots (Fig. 1A).
For instance, in the control plots, yield in grass+leg-
ume + herb was 3116 and 1109 kg/ha higher than in the
grass-only and grass +legume, respectively. There was
no effect of the microbial biofertilizer treatment on the
yield values in 2021. In 2022, both grass +legume and
grass +legume + herb swards had similar yields which
were each significantly higher than the yield from the
grass-only swards, and there was no effect of the bioin-
oculant treatment in these sward types (Fig. 1B). In the
grass-only sward, the yield of the AMF +P5 treatment
was higher than the yields of grass-only swards with
all other microbial inoculant treatments and was ~46%
higher than the control. Overall, the best-performing
microbial inoculant treatment only increased total yield
by 597 kg/ha/year, while switching from grass-only to
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Fig.1 Mean annual yield (+s.e.) for years 2021 and 2022. Bars with different uppercase letters denote significant differences
between the sward types while bars with different lowercase letters denote significant differences between the bioinoculant types

one of the other sward types increased total yield by
3932 kg/hal/year (grass+legume) and 4693 kg/ha/year
(grass+legume + herb).

Sward type had a much stronger effect on nutri-
ent uptake than microbial inoculation in both years
(Table 2). Mirroring the large effects of sward type
on yield, there were very large effects of sward type
on nutrient uptake; for example, nutrient uptake in
grass +legume and grass+legume +herb was typi-
cally three to four times that in grass-only. There
was no interaction between the sward types and
the inoculants in either year (Table 2). In general,
there was no effect of microbial inoculant on nutri-
ent uptake, apart from a few exceptions (Table 3).
In 2021, the grass-only swards had higher uptake in
the AMF + P5 treatment for Cu (15.4%) than in the
control. A higher uptake of nutrients was detected
in the grass-only swards in 2022 (Table 3). Com-
pared to the control, the AMF+P5 treatment had
significantly higher values for Ca (52%), N (45%),
P (56%), Mg (51%), Cu (53%) and Zn (47%)
(Table 3).

@ Springer

Microbial biofertilizer detection and persistence

Results of qPCR assays showed that the intended
bioinoculants successfully established in the seeds
and in the soil +root samples, and the specific inoc-
ulated species were only detected in the treatments
that they were intended to be included in (Fig. 2).
There were significantly higher copies of P5 in
the grass-only seeds compared to the other seeds.
Bioinoculants were detected one year after appli-
cation, although the copy numbers were orders of
magnitude lower over time (cf. April and October
2021).

Prokaryotic and fungal community diversity and
composition

Sequencing of the prokaryotic 16 S rRNA gene and
the fungal ITS region were conducted to understand
the diversity and composition of the microbial com-
munity and how it was impacted by microbial biofer-
tilizer or forage sward type. Two a-diversity indices
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Table 2 Effect of

inoculant, sward and their 2021 2022
interaction on dry matter Parameter Factor F-value P-Value F-value P-value
yield and nutrient uptake
Dry matter Inoculant 0.56 0.79 1.86 0.08
Sward 215.57 <0.01 475.57 <0.01
Inoculant*Sward 0.22 0.99 0.75 0.92
Calcium Inoculant 0.47 0.86 2.14 0.05
Sward 570.59 <0.01 747.82 <0.01
Inoculant*Sward 0.25 0.99 0.48 0.94
Nitrogen Inoculant 0.44 0.88 1.01 0.81
Sward 726.09 <0.01 464.46 <0.01
Inoculant*Sward 0.31 0.99 0.50 0.93
Phosphorus Inoculant 0.48 0.85 1.58 0.15
Sward 361.67 <0.01 422.90 <0.01
Inoculant*Sward 0.18 0.99 0.61 0.86
Sulphur Inoculant 0.14 0.99 1.23 0.29
Sward 75.67 <0.01 183.60 <0.01
Inoculant*Sward 0.15 0.99 0.39 0.98
Potassium Inoculant 0.38 0.91 0.67 0.70
Sward 130.00 <0.01 113.69 <0.01
Inoculant*Sward 0.21 0.99 0.29 0.99
Magnesium Inoculant 0.35 0.93 1.93 0.07
Sward 619.70 <0.01 463.84 <0.01
Inoculant*Sward 0.47 0.95 0.54 0.91
Copper Inoculant 2.07 0.05 2.35 0.03
Sward 112.06 <0.01 625.12 <0.01
Inoculant*Sward 1.70 0.06 0.70 0.77
Zinc Inoculant 0.72 0.65 2.20 0.04
Sward 159.51 <0.01 697.30 <0.01
Inoculant*Sward 0.82 0.65 0.83 0.64

(Chaol and Shannon) were estimated for all treat-
ments across sward types. No interaction between
the sward types and inoculants was observed in any
of the sampling times except for the fungal commu-
nity Shannon index in October 2021 and June 2022.
Overall, there were no differences in a-diversity
between microbial treatments and sward types for
the prokaryotic community (Figs. S2-S4). The only
exception was in October 2021 where PsIN treated
samples had a lower Chaol index compared to the
control (Fig. S3). For the fungal a-diversity, there
was a significant effect of microbial treatment on the
Chaol index (April and October 2021; Figs. SS5A
and S6A) and the Shannon Index (October 2021;
Fig. S6B). Except for April 2021 where the sward
type had a significant effect on Chaol and Shan-
non index (grass+legume+herb lower than both

grass+legume and grass-only plots), there were no
significant effect of sward type on fungal a-diversity.
In general, each sward type had a high number of
unique ASVs (Fig. S8).

To assess any changes in prokaryotic and fungal
community structure across microbial treatments
and sward types, the centred log ratio (clr) trans-
formation was applied to the ASV tables and used
to compute the PCAs. For April 2021, there were
significant differences between microbial treat-
ments (but not the sward types) for the prokaryotic
community (PERMANOVA; P>0.05, R%2=0.10;
Fig. 3A) while for the fungal community, a sig-
nificant effect of both microbial treatment (PER-
MANOVA; P<0.01, R*=0.14) and sward type
(PERMANOVA; P<0.01, R*=0.03) was observed
(Fig. 4A). However, post hoc pairwise comparison
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Table 3 Nutrient uptake (n=6) of harvested forage

Grass-only Grass +legume Grass+leg- Grass-only Grass +legume Grass +leg-
ume + herb ume + herb
Ca (kg/harvested dry matter/year) _2021 Ca (kg/harvested dry matter/year) _2022
Control 28.34 78.1 B 99.0 € 3324 120.6 ® 136.2 €
AMF 2744 77.78 103.6 € 4124 117.8 8 1384°€
PsIN 2744 81.3°% 98.0 € 33.14 11548 126.5 €
P5 28.84 76.6 B 101.8 € 3334 110.8 ® 1325 °€
AMF +PsIN 29.8 4 76.7 B 101.4 € 3564 11738 133.7°€
AMF +P5 29.8 4 84.3 8 102.7 € 50.5%A 121.18 133.0°€
PsIN +P5 3044 84.0 8 105.3 € 3034 111.18 130.6 €
AMF+PsIN+P5 2764 76.2 B 103.3°€ 3044 111.18 122.6€
N (kg/harvested dry matter/year) _2021 N (kg/harvested dry matter/year) _2022
Control 68.64 168.18 193.2°€ 80.24 275.08 28598
AMF 70.6 A 169.6 B 201.1°€ 91.14 276.5B 29328
PsIN 70.14 176.2 8 187.6 € 82.8 4 27838 260.5 8
P5 70.14 165.8 B 197.7°€ 7184 280.0 8 27798
AMF +PsIN 69.54 17348 192.1€ 81.34 290.7 B 27228
AMF +P5 72.74 178.28 195.4°€ 116.0%* 284.08 27828
PsIN 4 P5 7224 179.6 8 193.8 € 67.24 2703 B 26598
AMF+PsIN+P5 66.74 167.3 B 189.2 € 7524 264.4 B 2704 B
P (kg/harvested dry matter/year) _2021 P (kg/harvested dry matter/year) _2022
Control 13.84 2248 27.0€ 1264 3768 3998
AMF 1424 2278 27.2¢ 1474 38.18 4038
PsIN 1414 2338 27.3°€ 1344 36.58 3628
P5 1474 2188 26.1°¢ 10.7 A 3728 3828
AMF + PsIN 14.64 2268 26.9 € 1244 3898 37.68
AMF +P5 15.14 2318 27.8 ¢ 19.6%A 3838 39.18
PsIN 4 P5 1454 238 26.5°€ 10.7 4 3738 3758
AMF +PsIN+P5 13.74 2218 26.8 € 1094 3638 36.3B
S (kg/harvested dry matter/year) _2021 S (kg/harvested dry matter/year) _2022
Control 1054 1358 16.7°¢ 8.04 19.78 2218
AMF 1054 1348 16.6 € 964 2098 2278
PsIN 10.14 13.68 16.1 ¢ 9.14 19.08 2108
P5 1044 1338 158¢€ 634 19.78 2098
AMF 4 PsIN 1094 1348 154¢€ 754 2038 2028
AMF+P5 10.8 4 1408 16.1 ¢ 1224 20.8B 2128
PsIN+P5 1094 13.8B 15.7¢ 6.74 2048 2058
AMF+PsIN+P5 1024 1348 159¢ 6.74 1808 19.7B
K (kg/harvested dry matter/year) _2021 K (kg/harvested dry matter/year) _2022
Control 89.54 14728 190.6 € 65.74 178.7B 191.8 B
AMF 90.1 4 152.8B 185.7 ¢ 7444 177.3B 190.6 B
PsIN 84.24 159.5B 1703 € 66.8 A 171.4B 164.0B
P5 89.8 4 147.78 184.3 € 5524 17538 191.88
AMF +PsIN 89.3 4 155.8B 182.0€ 59.4 A 178.4B 182.18
AMF +P5 92.84 155.8B 196.7 € 88.84 170.9 B 190.7 B
PsIN+P5 98.6 4 162.9B 188.2€ 5594 176.5B 171.18
AMF +PsIN+P5 8844 14728 180.5 € 52.64 15498 16238
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Table 3 (continued)

Grass-only Grass +legume Grass+leg- Grass-only Grass+legume Grass +leg-
ume + herb ume + herb
Mg (kg/harvested dry matter/year) _2021 Mg (kg/harvested dry matter/year) _2022
Control 754 17.08 21.0€ 7.84 2738 28.7°¢
AMF 744 17.18 223¢€ 974 27.18 304 ¢
PsIN 7.64 17.18 21.6°€ 8.14 26.58 26.6 €
P5 834 1658 20.6 € 724 2548 27.4°€
AMF 4 PsIN 844 1658 22.1°¢ 8.04 26.88 27.4°€
AMF+P5 844 1658 222°¢ 11.8%A 2598 28.4°€
PsIN+P5 794 17.1B 219¢ 6.64 2498 273°€
AMF +PsIN+P5 7.14 1588 22.1¢ 644 2488 25.6°€
Cu (g/harvested dry matter/year) _2021 Cu (g/harvested dry matter/year) _2022
Control 2274 4568 66.2 € 2344 81.0B 88.6€
AMF 22.84 4578 64.4 € 28.04 7178 91.7°¢
PsIN 2544 4978 100.0 € 2334 8198 80.5¢€
P5 2584 4648 63.7°¢ 2324 79.4 8 83.6€
AMF +PsIN 2554 4998 61.3¢ 2454 84.8 B 87.0€
AMF +P5 26.2%4A 5178 64.2 € 35.9%A 84.5 8B 87.9¢€
PsIN+P5 28.5%A 4928 63.7°¢ 21.84 75.78 84.3 €
AMF+PsIN+P5 2184 4778 59.9 € 20.4 A 74.18 778 €
Zn (g/harvested dry matter/year) _2021 Zn (g/harvested dry matter/year) _2022
Control 106.4 A 179.0 B 2519°€ 7374 23388 296.8 ©
AMF 105.6 A 176.1 B 2495¢€ 89.24 22938 304.8 €
PsIN 111.94 176.3 B 2653 € 7394 236.6 B 285.6 €
P5 137.04 189.8 B 2227 ¢ 7124 244.1B 287.7°€
AMF +PsIN 13394 172.6 8 250.4 € 758 A 259.9B 314.2°¢
AMF +P5 12854 16348 251.1°¢ 108.4%A 238.0B 315.7¢
PsIN +P5 11354 1704 B 2352°€ 7154 22028 297.8 €
AMF+PsIN+P5 9254 167.7B 2324°¢€ 69.6 A 227.38 2554°¢€

Numbers in bold with * indicate significant differences with the control. Different letters within the same row for the same element
within the same year indicate significant (P <0.05) differences between the swards

between both microbial treatments and sward types
with Benjamini Hochberg correction for multiple
comparisons showed no significant differences.
Due to correction for multiple testing, post hoc
tests using pairwise Adonis is stricter than PER-
MANOVA. For October 2021, both microbial treat-
ments and sward type had a significant effect on
both the prokaryotic (PERMANOVA; P<0.01,
R%2=0.26; Fig. 3B) and fungal (PERMANOVA;
P<0.01, RZ=0.26; Fig. 4B) community structures,
respectively. However, similar to April 2021, pair-
wise post hoc test did not reveal any significant
differences. Similarly, for June 2022, there was a
significant effect of both microbial treatment and
sward type on both the prokaryotic (PERMANOVA;

P<0.05, R*=0.10; Fig. 3C) and fungal (PER-
MANOVA; P<0.01, R*=0.20; Fig. 4C) com-
munity structures. No significant differences were
detected by the pairwise comparisons.

Discussion

Bioinoculants persisted in soil, with little or no
effects on yield and nutrient uptake

For the most part, we found no effect of the bioinocu-
lant treatments on yield or nutrient uptake, and this
was consistent across the three sward types. However,
the AMF + P5 treatment increased forage yield in the
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second year in the grass-only sward, although this
yield was still far lower than that of the clover-con-
taining swards. This effect of AMF+ P5 could be due
to synergistic interactions between the bacteria and
the AMF resulting in a higher plant growth promo-
tion than either of them applied singly. Further, some
of the AMF containing treatments increased uptake
of selected nutrients (Ca, N, P and S) compared to the
control. The bacterial bioinoculants could be detected
for at least a year after application. This provides
some evidence that they were capable of occupying
niche space within the rhizosphere or endosphere.

@ Springer

Although we did not assess the persistence of the
AMF directly, the effects of some selected AMF
treatments indicate the successful application of the
mycorrhizal treatments. Overall, the experimental
protocols resulted in successful inoculation, persis-
tence of the bacterial strains for at least one year, and
no evidence of cross-contamination of the bioinocu-
lant treatments.

The persistence of microbial inoculants in soil
is a critical aspect influencing their effectiveness
and subsequent adoption in sustainable agriculture.
However, persistence does not necessarily equate to
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Fig. 3 Principal Compo-
nent Analysis (PCA) based
on centred log ratio (clr)
transformed ASV data of
prokaryotic community for
(A) April 2021, (B) October
2021, and (C) June 2022.
Blue text within each panel
indicates the effect of treat-
ments as: *= P<0.05, **=
P<0.01, ***= P<0.001,
NS =not significant
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Fig. 4 Principal Compo-
nent Analysis (PCA) based
on centred log ratio (clr)
transformed ASV data of
fungal community for (A)
April 2021, (B) October
2021, and (C) June 2022.
Blue text within each panel
indicates the effect of treat-
ments as: *= P<0.05, **=
P<0.01, ***= P<0.001,
NS =not significant
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effectiveness, and it may be the case that any benefits
associated with bioinoculants may manifest only in
soils that are somewhat degraded or where the plant
is undergoing physiological stress, e.g., due to nutri-
ent limitation or drought conditions (Benmrid et al.
2023; Naveed et al. 2014; O’Callaghan et al. 2022;
Sheibani-Tezerji et al. 2015).

In this study, the lower than the agronomically rec-
ommended levels of N applied to L. perenne swards,
and the resulting low yields strongly indicate that it
experienced nitrogen limitation (at least). Even in this
context, the effectiveness of the bioinoculants was
modest. The persistence and effectiveness of micro-
bial inoculants can vary based on factors that include
soil type, nutrient availability, moisture availability,
the nature of the indigenous microbial community,
host plant identity, plant growth stage, the physio-
logical stress of the plant (abiotic and biotic), and the
specific requirements of the applied microorganisms
(Cornell et al. 2021; Jing et al. 2017; Mander et al.
2012; Verbruggen et al. 2013); this makes predictions
of the outcomes of bioinoculant addition challeng-
ing. Bashan and Holguin (1998) stressed the impor-
tance of considering soil types when assessing the
persistence of nitrogen-fixing bacteria. Sharma et al.
(2013) highlighted the need to understand the sur-
vival and activity of phosphate-solubilizing bacteria
over time. In the present study, applied bioinoculants
were detected one year after application (although in
amounts that were several orders of magnitude lower
than at the time of application). There is a need for
further research to determine how the persistence and
function of microbial biofertilizers can be improved
under different soil and environmental conditions,
to investigate their sustained positive impact on soil
health and plant growth. A plausible research path-
way would be to also test whether these bioinoculants
can be applied in combination with varying amounts
of chemical fertilizer, to directly test their fertilizer
replacement value, and any antagonistic or synergis-
tic interactions. Similarly, investigations could incor-
porate experimentally controlled gradients of stress to
test the effectiveness of bioinoculants (Cornell et al.
2021; O’Callaghan et al. 2022).

Strong effects of sward type on yield and total
nutrient uptake

In an intensively managed temperate grassland, we
conducted a novel field experiment that assessed
the impact of microbial inoculants and sward type
on yield, nutrient uptake, and the wider soil micro-
bial communities. Sward type had a much stronger
effect on forage yield and nutrient uptake compared
to the microbial inoculants. Specifically, signifi-
cantly higher forage yield and nutrient uptake were
obtained in the more diverse swards (grass+legume
and grass+legume+herb) compared to the mono-
culture (grass-only). Several studies have shown the
positive effects of clover-containing grass communi-
ties on yield (Baker et al. 2023; Dewhurst et al. 2009;
Finn et al. 2013; Grace et al. 2018; Grange et al.
2021 scher et al. 2022), which is strongly related to
the clover content and the degree of symbiotic nitro-
gen fixation. As the agronomically applied amount
of nitrogen declines, the relative contribution of the
symbiotically fixed N becomes more pronounced
both in absolute terms (Nyfeler et al. 2011) and rela-
tive to the grass-only community (Grange et al. 2021;
Nyfeler et al. 2009, 2011). For instance, Nyfeler et al.
(2009) showed that the yield of grass-clover commu-
nities with ~30-70% clover and receiving 50 kg N
could outyield grass-only communities receiving 450
kg N. The degree of contribution of symbiotically
fixed N and other synergistic plant interactions can be
sufficiently strong for clover-containing communities
to yield more than the best-performing monoculture
(Finn et al. 2013; Grange et al. 2021; Liischer et al.
2022; Nyfeler et al. 2009). In this study, there was a
very strong difference (on average 3900 and 4700 kg/
ha/year for grass+legume and grass +legume + herb,
respectively) in yield between the grass-only and
legume (clover-containing) communities, reflect-
ing low application of nitrogen. This low application
was a design feature of the experiment to give a bet-
ter opportunity for any positive effects of the bioin-
oculants to be expressed; at higher levels of N and P
input, such effects may not be apparent to the same
extent.
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Native microbial community minimally affected by
sward type and bioinoculants

Understanding the effects of the bioinoculant on the
native communities is critically important for the
wider implementation of this technology (Cornell
et al. 2021), including their capacity to: interact with
the community members, become invasive, or impact
community function. In the present study, both the
bioinoculants and sward type affected the prokaryotic
and fungal community composition (PERMANOVA);
however, after correction for multiple comparisons in
post hoc analysis, differences were insufficiently large
to be detected in pairwise comparisons. The reported
effect of microbial inoculants on the indigenous
microbial community is inconsistent and can vary
from significant to no effects (Cornell et al. 2021;
Trabelsi and Mhamdi 2013). Furthermore, the impact
of microbial inoculants is subject to strong temporal
variation; both in terms of the dynamic nature of the
resident community into which the bioinoculant is
inserted, which itself adapts continually in response
to dynamic prevailing local conditions (Koberl et al.
2020), and the success and population dynamics
of the bioinoculant itself, which in some cases may
establish only transiently or struggle to compete with
the resident soil microbiome (Compant et al. 2019;
Pereg et al. 2014). More context-specific studies are
essential to understanding the extent of the effect of
microbial inoculant on different soils and ecosystems
(Schmidt and Gaudin 2018). The impact of diversify-
ing plant communities in intensively managed grass-
land swards on microbial communities has received
limited investigation to date. Ryan et al. (2023) found
that plant composition impacted prokaryotic com-
munities at in the top 15 cm of bulk soil and fungal
communities between 15 and 30 cm in depth. Ikoyi
et al. (2023) showed that multispecies swards was
associated with an altered soil nematode community
structure and changes in relative abundance of nem-
atode functional groups, indicating impacts on the
wider food web and predators that modulate micro-
bial communities.

Investigating the use of microbial inoculants:
extrapolating from laboratory to field

The use of microbial inoculants has been promoted
as a sustainable agricultural practice to support
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long-term soil fertility for crop productivity, with
lower environmental impact. However, most studies
that show benefits from the application of bioinocu-
lants have been critiqued for limitations associated
with their short term duration, limited spatial scale
and strong edge effects in pots and other mesocosms,
removal of the native microbial community by sterili-
sation, and using controlled plant growth conditions
that limit the range of environmental variation expe-
rienced by the plants and microorganisms (Meyer
et al. 2019; O’ Callaghan et al. 2022). The key ques-
tion here is whether these benefits observed in very
controlled and artificial conditions can be obtained in
field conditions. There has been a dearth of research
on the field-scale investigation of microbial inocu-
lants in grassland systems, and a corresponding com-
bination with varying sward diversity in grassland
systems, at the field scale. Such knowledge is essen-
tial if policy objectives to reduce N fertiliser use are
to be implemented at farm-scale following advice,
decision-making and adoption by farmers. This
knowledge needs to be relevant at farm-scale and
will require further field-scale testing for grassland
communities.

Our field experiment was conducted under more
controlled conditions, and a real-world application in
grassland in a commercial farm setting would have
additional challenges for effects of bioinoculants to be
realised: infrequent reseeding; the inability to com-
pete with native microbiome where a healthy biologi-
cal community is established; complicating manage-
ment factors such as application of fertiliser; regular
defoliation of the plants; hotspots of urine and dung,
etc.

Conclusions

This is one of the first studies to test the impact of
microbial biofertilizers in different sward types under
field conditions in an intensively managed grass-
land scenario. Under the tested experimental condi-
tions, the bioinoculants successfully colonized the
sward types and persisted for at least one year. There
was little or no effect of the bioinoculants on for-
age yield and nutrient uptake, and this was consist-
ent across three forage sward types that differed in
diversity of agronomic plant species. The combined
application of rhizosphere bacteria (Bacillus sp. P5)
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and arbuscular mycorrhizal fungi (AMF) showed
some potential to increase forage yield in perennial
ryegrass under nitrogen limitation, and modestly
increased nutrient uptake of selected nutrients. There
was a modest effect of sward type and bioinoculant
on the native microbial community. Overall, the effect
of sward type on forage yield and nutrient uptake was
more significant, and there was little to no effect of
the application of microbial inoculants across the
sward types. As a practical, farm-scale management
strategy to reduce fertiliser use, a focus on the incor-
poration of clover was far more effective than the
application of microbial inoculants.
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