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The aim of this document is to provide details of the indirect effects of a subset
of the soil deployed bio-inocula used in the EXCALIBUR project on plant
interactions with aboveground organisms, and to provide insight in the
mechanisms driving these interactions, where possible. The results of
greenhouse experiments with tomato and strawberry plants inoculated with
arbuscular mycorrhizal fungi, Metarhizium brunneum and Clonostachys rosea
show the clear potential of these bio-inocula to induce resistance to
Tetranychus urticae. Both synergistic and antagonistic effects between strains
were observed within consortia with respect to effects on induced resistance.
Effects ranging from induced resistance to induced susceptibility were
observed for the same strain when it was applied to different crop varieties.
Interactions with background microbial communities reduced the efficacy of
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soil inoculation with three bio-inocula on the abundances of aboveground
beneficial and pest arthropods on strawberry plants tested in two locations
(Slovenia, Denmark) and two production systems (organic, integrated).
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significantly affected the abundance of natural enemies of the pests. The
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Summary

The aim of this document is to provide details of the effects of a subset of the soil deployed bio-inocula used
in the EXCALIBUR project on plant interactions with aboveground organisms, including pests, pathogens and
natural enemies of pests, and to provide insight in the mechanisms driving these interactions, where possible.

First, the report documents a series of greenhouse experiments with tomato and strawberry plants,
inoculated with bio-inocula representing arbuscular mycorrhizal fungi (AMF), entomopathogenic fungi
(Metarhizium brunneum) and mycoparasites (Clonostachys rosea). The results show the clear potential of
these bio-inocula to induce resistance to one of the notorious aboveground pests in these two horticultural
crops, the two-spotted spider mite Tetranychus urticae. The studies further show that the extent to which
these bio-inocula induce resistance in the horticultural crops is highly dependent on the strain/cultivar
combination used, whether they are applied as single strains or consortia, and on interactions with the
resident soil microbial community. Specifically, both synergistic and antagonistic effects between strains
were observed within consortia with respect to effects on induced resistance, opening up possibilities to
carefully select beneficial combinations. Similarly, effects ranging from induced resistance to induced
susceptibility were observed for the same strain when it was applied to different crop varieties, indicating
the need for tailored applications. In general, interactions with background microbial communities reduced
the efficacy of bio-inocula-induced resistance. Detailed studies revealed that this was not only due to
competition in the rhizosphere but also due to adverse effects of background microbes on the plant’s ability
to induce resistance in response to the bio-inocula. In some cases, leaf metabolites could be detected that
were associated with bio-inocula-induced resistance, providing insight into mechanisms underlying the
effects of bio-inocula on interactions with aboveground organisms.

Second, the report documents a two-year field study testing the effects of soil inoculation with three bio-
inocula (corresponding to some of the greenhouse trials above) on the abundances of aboveground
beneficial and pest arthropods on strawberry plants. The effects were tested in a factorial design of two
locations (Denmark and Slovenia) and two production systems (organic, integrated). The results show large
overall differences in arthropod abundances between locations, whereas the effects of production system
differed among locations. Surprisingly, in the field, one of the bioinocula (Metarhizium brunneum, applied as
soil inoculum) did not affect the abundance of herbivores, but significantly affected the abundance of natural
enemies of the pests in a location-specific manner, illustrating the complexity of effects of bioinocula under
field production conditions.

Overall, the studies show that the three tested bio-inocula employed in Excalibur modulated interactions
between the horticultural crops and aboveground arthropods both under controlled and under field
production conditions. All three tested groups of bio-inocula showed potential to induce resistance against
aboveground pests, but the efficacy was highly context-dependent.
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1. Introduction

This document is a report on experiments performed within EXCALIBUR to get a better understanding of how
soil bio-inocula alter plant interactions with their aboveground biotic environment. Beneficial soil microbes
such as arbuscular mycorrhizal fungi (AMF), growth promoting rhizobacteria (PGPR) or fungi (PGPF) are well
known for their growth-promoting effects on a wide variety of agricultural and horticultural crops. However,
many beneficial soil microbes can also enhance the tolerance of crops to abiotic stress and enhance their
resistance to belowground as well as aboveground pests and pathogens (Pieterse et al. 2014). This report
focuses on the effects of soil microbial bio-inoculants on interactions of crops with aboveground biota.

Beneficial soil microbes can induce systemic responses in their host plants that alter their attractiveness,
suitability and quality as host for a wide variety of aboveground organisms. These systemic responses include
changes in e.g. morphology, concentrations of leaf primary and secondary metabolites and the blend of
volatile organic compounds emitted by plant tissues. For instance, many beneficial soil microbes can induce
or prime plants for enhanced production of defense compounds in response to herbivore or pathogen
infestation, referred to as microbe-induced resistance (MIR). In addition, soil microbes can alter the blend of
volatile organic compounds that plants produce in response to herbivore damage (herbivore-induced plant
volatiles, HIPV) that have an important role in attraction of the natural enemies of herbivores, such as
predators and parasitoids.

Soil microbes can therefore affect both plant direct defense (changes that benefit the plant by reducing the
performance of herbivores through alteration of plant tissue quality, digestibility and toxicity) and indirect
defense (changes that benefit the plant by enhancing the attractiveness of herbivore-infested plants for the
natural enemies, i.e. biocontrol agents, of the herbivores) (Rasmann et al. 2017). For successful integrated
pest management (IPM) that includes the use of biocontrol agents of aboveground pests, it is therefore
important that soil microbial inoculants not only have a positive effect on crop plant resistance to the pest
(direct defense), but that they are also at least compatible with (but preferably reinforce) a high efficacy of
the biocontrol agents of the pests (indirect defense). In this report we therefore present studies of effects of
bioinoculants on aboveground pest as well as on their natural enemies.

Recent studies have shown that the activation of microbe-induced (direct and indirect) defense is highly
context-dependent (Diaz et al. 2021). Successful activation depends on e.g. strain and cultivar identity, abiotic
and biotic environmental conditions such as light and nutrients, and soil characteristic such as the resident
rhizosphere community in which microbial inoculant is applied. We therefore present results from studies
of the effects of bio-inoculants on interactions with aboveground biota for different strain/cultivar
combinations, as well as for particular strain/cultivar combinations that were tested in different locations
and/or in different soils or when inoculated in combination with consortia of other beneficial microbes, to
test the robustness of the effect on the bio-inocula in activating microbe-induced resistance. Where possible
we include biochemical analyses of plant tissue quality to identify microbe-induced changes in plant
chemistry that might contribute to or mediate microbe-induced resistance.

1.1 Connection to other tasks and deliverables

The work performed within Excalibur WP5, Task 5.2, is organically interconnected to the rest of the project.
Specifically, the activities covered in this deliverable (D5.2) were tightly connected to several other previously
published deliverables:
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o Deliverable 2.1 (D2.1) "Assessment report on selection of single, double and multiple microbial
inoculants, bio-effectors and multifunctional compatible combinations" provides the baseline
criteria for fungal strain selection, used in the subsequent D5.2 lab and field experimentation.

o Deliverable 2.2 (D2.2) "Protocols on optimized fermentation processes to ensure viable liquid and
solid products with improved formulation technology schemes" describes the formulation protocols,
practices and technical details, which allowed us to maintain and establish adequate quantitates of
the investigated soil microbial bioinocula to be used in the lab and field trials.

o Deliverable 2.4 (D2.4) "Application schemes of the selected products". In the mostly laboratory and
glasshouse experiments described in D2.4, the effects of bioinocula on belowground but also
aboveground pests have been summarized. While the D5.2 builds and expands on D2.4, it differs
significantly from D2.4 in that more detailed observations were performed, and where possible, also
the mechanisms underlying microbe-induced resistance were studied.

o Deliverable 3.1 (D3.1) "Setup of trials conditions and methodology" standardized common
methodologies and field trial conditions in order to evaluate the treatments performed in the
different trials in the best possible way to ensure a feasible evaluation methodology for each partner
performing the trials in Excalibur project. In other words, the D3.1 provided the baseline field
experimentation methodology and protocols, which we relied upon, whilst performing the field part
of the task WP5.2.

e Deliverable 3.3 (D3.3) "Second report on large field trials" provides information on the results
achieved during the second year of the fields and provides an overall analysis of the results obtained
during the first (2021) and second (2022) years. However, while D3.3 gives the basic information on
the plant growth information, harvest times, yield quantity, fruit quality and other agronomical
parameters, the D5.2 adds the value to the project by providing the knowledge on the effects of soil
bioinocula on the aboveground pest and beneficial fauna.

o Tasks4.1(WP4.1)and 5.4 (WP5.4) aim respectively at assessing the interactions between bio-inocula
and soil microorganisms, determining how they influence each other and evaluating the influence to
above-ground traits and observations, and at determining how long the bio-inocula can persist in the
soil after inoculation. The data generated in these work packages / tasks can help us understand and
perhaps explain the results obtained in the field within task 5.2.

1.2 Studied strains/cultivar combinations

The work within task 5.2 was confined to the examination of the tomato (Solanum lycopersicum; performed
by NIOO-KNAW) and strawberry (Fragaria x ananassa; performed by UCPH and KIS) plants; no experiments
were performed on apple (Malus domestica). We employed specific fungal strains in our investigation, e.g.
entomopathogens, mycoparasites and arbuscular mycorrhizal fungi (AMF). These beneficial strains were
formulated and deployed into pots or in the field as soil bioinocula, to attain good rhizosphere (s. lat.)
inoculation and root colonization. It is noteworthy that while a known entomopathogen Metarhizium sp. is
typically scrutinized for its direct effects on arthropod pests, our research uniquely explored its indirect, plant
mediated or plant-transferred impacts on aboveground fauna.

UCPH used three strawberry cultivars in greenhouse experiments: Clery, Faith and Rumba; the first (Clery)
was also used in the field trials in Slovenia and Faith was used in field trials in Denmark. The third cultivar
(Rumba) was already tested in experiments involving entomopathogenic fungi, thus it served as a benchmark
to the field-tested cultivar. UCPH and KIS used the same three beneficial fungi Clonostachys rosea KIS 1881,
Metarhizium brunneum KIS 1868 and AMF (InoculumPlus) in the field trials. These same inocula were used
in the greenhouse studies of UCPH and NIOO-KNAW. In addition to C. rosea and M. brunneum, UCPH used
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another strain in the laboratory experiments, the M. brunneum KVL 16-36, originating from the commercial
biocontrol product Met52 with well-established direct effects against several pest insects both below- and
above-ground.

2. Greenhouse studies assessing effects of bio-inocula on aboveground
pests in tomato and strawberry

Note: As some data is not yet published, the results are presented as arbitrary units (a.u.).

2.1 Effects of the application method of bio-inoculants on the efficacy of microbe-
induced resistance in tomato: a case study of EPF and spider mites

2.1.1 Introduction

In this study, we focused on investigating whether inoculation of tomato plants with the entomopathogenic
fungus Metarhizium brunneum enhances its resistance to infestation by the two-spotted spider mite
(Tetranychus urticae), one of the important aboveground pests of tomato, and which inoculation method
(seed inoculation or soil drenching) provides the best protection. This entomopathogen can affect plant
interactions with arthropod pests in two ways. First, it can directly interact with the arthropod and kill it
through mycosis. This is its most common use in agriculture and horticulture. Conidial suspensions of the
fungus are then applied as a foliar spray and arthropods feeding on the sprayed plants are directly killed.
Second, the entomopathogen can colonize the host plant and induce or prime the host plant for enhanced
resistance to the arthropod. This study was set up to specifically test the latter, indirect, plant-mediated
effects of the entomopathogen. Advantage of this method is that successful colonization leads to a systemic
infection, so that in principle only one application of the fungus is sufficient to provide season-long resistance.
However, it is unknown whether the strongest effect on pest resistance is conferred by application as seed
inoculation or as soil drenching. This was tested in the study, published in Frontiers in Microbiology (Rasool
et al. 2023).

2.1.2 Methods

A greenhouse experiment was conducted at the Netherlands Institute of Ecology (NIOO-KNAW) at
Wageningen, NL during the spring of 2022 with tomato (Solanum lycopersicum cv. Moneymaker, obtained
from Oranjeband zaden, NL) as host plant, the entomopathogenic fungus Metarhizium brunneum strain
1868, originally isolated from an Agriotes sp. adult, as endophytic bioinoculant (provided by KIS, SI, selected
based on its endophytic colonization ability and high direct pathogenicity against insect pest), and the two-
spotted spider mite Tetranychus urticae, obtained from a rearing colony established at Wageningen
University, NL, as arthropod pest. The experiment followed a factorial design with four fungal treatments and
two herbivory treatments. The four fungal treatments were: ST (seed treatment), SD (soil drenching), STSD
(a combination of seed treatment and soil drenching) and C (a no-fungus control) and two herbivory
treatments (with or without spider mites).

Preparation of plant, fungi, and spider mite cultures - Untreated tomato seeds were surface sterilized by
soaking in 70 % ethanol for 1 min and 1 % sodium hypochlorite (NaClO) for 10 min followed by three rinses
with sterile double-distilled water. The fungus was propagated on SDA media supplemented with yeast
extract and incubated for 14 days at 24 + 1 °C in darkness. Fungal suspensions were prepared by harvesting
conidia from sporulating cultures with a sterilized spatula. Conidia were suspended in 0.01 % Triton X-100,
vortexed and filtered through several layers of sterile cheesecloth to remove hyphal debris and media
remnants. Fungal concentrations were adjusted to 1 x 1078 conidia per ml. Batches of 80 sterilized seeds
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were added to glass bottles with 30 ml of solution, either a suspension of 1 x 1078 conidia per ml of M.
brunneum (ST and STSD treatments) or 0.01 % Triton X-100 (SD and C treatments) and agitated at 100 rpm
for 24 hours. The pre-treated seeds were individually sown in separate nursery trays containing a soil-sand
mixture in the greenhouse (25 °C for 16 h day and 18 °C for 8 h night with 50-60% RH). The soil was a non-
sterile (live), low nutrient, natural sandy soil collected from an arable field in the vicinity of Wageningen (The
Netherlands), homogenized by sieving through a 5 mm sieve, and mixed (3:1, w/w) with coarse sand (0.71-
1.25 mm). Tetranychus urticae were maintained on tomato plants for several generations in a growth
chamber (25 + 2 °C, 16:8 LD and 60 —70 % RH).

Experimental set-up - Two weeks after sowing, uniform seedlings per inoculation treatment were transferred
to 1L pots (11 x 11 x 12 cm) containing the same soil-sand mix substrate as above (800 g/pot). Each pot was
placed on an individual plastic saucer to prevent cross-contamination. One day after transplantation, 2 ml of
the 1 x 10”8 conidia per ml suspension of M. brunneum was added to the soil around the base of seedlings
for the SD and STSD treatments, whereas 2 ml of 0.01 % Triton X-100 was applied to the soil around seedlings
allocated to the ST and C treatments. After inoculations, the soil surface was covered with a thin layer of sand
to avoid algal growth. In total, 80 pots representing 4 inoculation treatments (ST, SD, STSD and C) were placed
on carts following a completely randomized block design. Plants were irrigated every second day and
fertilized with % Hoagland nutrient solution once a week through the saucers. Carts were rotated twice a
week to account for climatic variations in the greenhouse. Six weeks after sowing, the plants were used for
a T. urticae bioassay.

T. urticae bioassay - Fourteen of the twenty plants per treatment were infested with spider mites, whereas
the remaining six received no spider mites and served as spider mite controls. Five adult female spider mites
were released on three terminal leaflets of the second oldest true leaf of plants assigned to the spider mite
treatment. To prevent spider mites from escaping, a foam band was placed around the stem at the base of
the infested leaf. The band was also placed at the same location on non-infested plants. One day after
infestation, mites were counted to check the number of mites that were successfully established on infested
plants. The numbers of juvenile and adult spider mites were recorded at 3, 7 and 14 days after infestation
using a handheld magnifier. After the last count, spider mites were removed using a fine paintbrush.

Harvesting for leaf chemistry and colonization check - From each plant, the locally damaged leaflets were
harvested with scissors, placed in a 15 ml falcon tube and immediately flash-frozen in liquid nitrogen for leaf
chemical analysis. The scissors were sterilized with ethanol between the plants. Stem and root tissues were
subsampled for an endophytic colonization check. Colonization was checked by plating six root and six stem
pieces from a random subset of three plants per treatment on selective media (Rasool et al. 2021) after
surface sterilization by dipping in 70% ethanol and 2% NaClO for 2 min followed by three rinses with sterilized
water. The pieces were gently pressed into the media with forceps to ensure contact, closed with parafilm
and incubated for 21 days in darkness at 23-24 °C. Fungal outgrowth was recorded every 5 days. The
identification of endophytic fungi growing from edges was done by colony morphology and conidial
structures of M. brunneum. The Metarhizium outgrowth from plant tissue pieces was recorded as a value of
one, while no outgrowth was recorded as a value of zero.

Leaf chemical analysis - The leaf samples were extracted for the analysis of polyphenolics (chlorogenic acid
and rutin). Briefly, 1 ml of 70 % methanol (gradient grade for HPLC) was added to 50 mg of ground leaf
sample, vortexed, subjected to a sonicator for 30 min (20 °C) and centrifuged at 10000 rpm for 10 mins. The
supernatant was collected and the procedure was repeated to increase extraction efficiency with a 2 ml final
volume. The extracts were filtered through a 0.2 um polytetrafluoroethylene syringe filter (Henske Sass Wolf
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GmbH, Tuttlingen, Germany) and stored at -20 °C until analysis. Analysis of phenolic compounds (chlorogenic
acid and rutin) was performed by high-performance liquid chromatography (HPLC, ThermoScientific, MA,
USA) equipped with UV diode array detection. The chromatography was performed by injecting a 5 pl sample
into a 250 x 4.6 mm, 5micron Thermo Hypersil gold column (ThermoFisher Scientific, Waltham, MA, USA) at
28 °C with a flow rate of 1.0 ml/min. The mobile phase consisted of 95 % of 0.5 % Phosphoric acid prepared
with MilliQ H20 (A) and 5% Acetonitrile (gradient grade for HPLC) (C). Gradient profile: 0.0-2.0 min, 5% C;
2.0-5.0 min, 5-10% C; 5.0-7.0 min, 10% C; 7.0-10min, 10-15% C; 10.0-13.0 min, 15-20% C; 13.0-23.0 min, 20%
C; 23.0-25.0 min, 20-30% C; 25.0-28.0 min, 30% C; 28.0-30.0 min, 30-50% C; 30.0-32.0 min, 50% C; 32.0-33.0
min, 50-5% C; 33.0-40min, 5% C min. For chlorogenic acid, the detection limit (LOD) was set at 0.205 mg/,
the quantification limit (LOQ) was set at 0.622 mg/L and peaks were monitored at the wavelengths of 300
nm. For rutin, LOD was set at 0.450 mg/L, LOQ was set at 1.364 mg/L and peaks were monitored at the
wavelengths of 254 nm.

Statistical analysis - All statistical analyses were performed in R and the graphs were created in R using the
‘ggplot2’ package. The number of spider mites 14 days after infestation was analysed by a Poisson
generalized linear mixed model (log link function) with fungal treatment (four categorical variables) as fixed
effect and block as random factor. A linear mixed model was fitted to plant chemical data with fungal
treatment, presence/absence of spider mites and their interaction as fixed effects and block as a random
factor. A binomial generalized linear mixed effect model (logit link function) was fitted to the endophytic
colonization data (presence/absence per plant piece and per plant tissue) using fungal treatment and plant
tissue (stem and root) as fixed effects and block and plant id as random effects. Percentages of fungal
colonization and confidence intervals were estimated based on the same models. Mixed models were fitted
using the ‘Ime4’ package and P values were computed using the ‘ImerTest’ package based on Satterthwaite’s
approximation. Visual assessments of model fit were done by residual and quantile-quantile plots. The
parameters with significant effects were subjected to pairwise comparisons using the Tukey post hoc test by
the ‘multcomp’ package.

2.1.3 Results

Effects of inoculation and inoculation method on spider mites - The number of spider mites per plant after 14
days of infestation was significantly reduced by M. brunneum inoculation (P < 0.001) through all used
inoculation methods (Figure 1). Inoculation methods slightly differed in their efficacy of inducing spider mite
resistance. Notably, plants inoculated with a combination of seed treatment and soil drenching showed
significantly lower numbers of mites than plants that only received the seed treatment.
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Figure 1: Population growth of two spotted spider mites (Tetranychus urticae) on tomato plants inoculated with
Metarhizium brunneum as seed treatment (ST), soil drenching (SD), combination of seed treatment and soil drenching
(STSD) and Triton X-100 control (C). Boxplots with different letters are significantly different at a = 0.05 within panels.
The median is presented by a thick horizontal line in each box.

Effects of inoculation and inoculation method on leaf phenolics - Fungal treatments affected the levels of
rutin and chlorogenic acid (CGA). In the absence of spider mites, M. brunneum enhanced the levels of CGA
compared to control plants when applied as soil drenching (Figure 2). In the presence of spider mites, M.
brunneum also enhanced CGA levels compared to controls, but only when applied as a combination of seed
inoculation and soil drenching. Under these conditions, M. brunneum thus reinforced the induction of CGA
levels in response to spider mites. However, overall, there was no correlation between leaf CGA levels and
the number of spider mites produced per female spider mite (r=+0.06, n=55, P=0.64). Similarly, fungal
treatments and spider mite feeding significantly affected the leaf concentrations of rutin. In the absence of
spider mites, levels of rutin were higher in plants inoculated by soil drenching than in plants inoculated by
seed inoculation alone or by a combination of seed inoculation and soil drenching. However, as observed for
chlorogenic acid, there was no overall correlation between leaf levels of rutin and the number of spider mites
produced per female spider mite (r=-0.04, n=55, P=0.77).
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Figure 2: Levels of chlorogenic acid (CGA) and rutin (mg/g leaf dry weight) in tomato leaves inoculated with
Metarhizium brunneum as seed treatment (ST), soil drenching (SD), combination of seed treatment and soil drenching
(STSD) and Triton X-100 control (C) in the absence (yellow boxes) and presence (red boxes) of two spotted spider mites
(Tetranychus urticae). Boxplots with different letters are significantly different at a = 0.05 within panels. The median is
presented by a thick horizontal line in each box.

Effects of inoculation method on endophytic colonization — Fungal colonization levels did not significantly
differ among inoculation treatment, and also did not significantly differ between roots and stem (Table 1).
Interestingly, the presence of spider mites significantly reduced colonization levels of both roots and stems
(p<0.05). The levels of root or stem colonization were not correlated to leaf concentrations of chlorogenic
acid or rutin in either infested or non-infested plants (all p>0.07). None of the leaf sections tested were
colonized by M. brunneum.

Table 1: Colonization of stems and roots of tomato plants by Metarhizium brunneum following inoculation as seed
treatment (ST), soil drenching (SD), or a combination of seed treatment and soil drenching (STSD).

Without Spider mites With Spider mites
Stem Root Stem Root
n =36 n =36 n =84 n=_84
(6 per plant) (6 per plant) (6 per plant) (6 per plant)
14% (4.7-29.5)abe 17% (6.4-32.8)abe 5% (1.3-11.7)a ™ (5.0-19.4)abe
14% (4.7-29.5)abc 19% (8.2-36.0)c 12% (5.9-20.8)abc 6% (2.0-13.3)ab
22% (10.1-39.2)c 17% (6.4-32.8)abc 15% (8.5-25.0)be 18% (10.4-27.8)c
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2.1.4 Conclusions

Since their discovery as plant endophytes, soil-borne entomopathogenic fungi such as Metarhizium spp.,
have been well exploited for their growth promotion and pest suppression effects after colonizing crop plants
(Vega, 2018). Our study shows that using both seed treatment, soil drenching, and a combination of the two
methods of inoculating tomato plants with M. brunneum is able to effectively reduce spider mite populations
when compared to control plants. This means that from the perspective of aboveground pest reduction,
farmers can use the most cost-effective way of application.

As previously suggested, M. brunneum readily colonizes roots and stems but not leaves. The effect on spider
mites is therefore most likely mediated by fungus-induced systemic changes in leaf quality. However, the
results of our study suggest that the leaf phenolic compounds chlorogenic acid and rutin, that have previously
been shown to mediate plant-arthropod interactions (e.g. Liu et al., 2017), do not play an important role in
M. brunneum-induced spider mite resistance in tomato. Although fungal inoculation enhanced the extent of
induction of chlorogenic acid in response to spider mites, leaf levels of this metabolite were not associated
with reduced spider mite population size.

2.2 Effects of single- versus consortia application of bio-inoculants on the efficacy of
microbe-induced resistance in tomato

2.2.1 Introduction

The growth-promoting and resistance-enhancing effects of beneficial soil microbes that are used as bio-
inoculants are often highly dependent on abiotic and biotic environmental context, including light and
nutrient conditions and composition of the resident microbial community in the rhizosphere. Therefore,
there is a growing interest in using consortia of beneficial soil microbes that can provide more stable and
reliable growth- or resistance-promoting effects through functional complementarity, i.e. by making sure
that at least one of the component strains can perform the desired function under a given set of conditions.
However, this requires that strains used in the consortium are at least compatible with each other, and
preferentially even have synergistic effects on the desired function. In this study we tested the individual and
combined effects of three functionally diverse fungal strains on spider mite resistance in tomato. These
included strains of arbuscular mycorrhizal fungi (AMF), an entomopathogenic fungus (Metarhizium
brunneum) and a mycoparasite (Clonostachys rosea).

2.2.2 Methods

A greenhouse experiment was conducted at the Netherlands Institute of Ecology (NIOO-KNAW) at
Wageningen, NL during the spring of 2022 with tomato (Solanum lycopersicum cv. Moneymaker, obtained
from Oranjeband zaden, NL) as host plant, three bio-inoculant fungi (described below), and the two-spotted
spider mite Tetranychus urticae, obtained from Entocare C.V., Wageningen, NL, as arthropod pest. The fungi
were (1) a combination of five arbuscular mycorrhizal fungal strains (AMF), as provided in the product Rhea
(powdery formulation) from Inoculum Plus, FR, (2) the entomopathogenic fungus Metarhizium brunneum
strain 1868 (Mb), originally isolated from an Agriotes sp. adult, provided by KIS, SI, and (3) the mycoparasite
Clonostachys rosea (Cr) strain 1881, provided by KIS, SI. The fungi were applied singly, or in consortia of two
or three, resulting in eight fungal treatment combinations described in
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Table 2: Combinations of fungal strains and their concentrations used in the experiment. Control: no fungi; AMF:
arbuscular mycorrhizal fungi; Mb: Metarhizium brunneum; Cr: Clonostachys rosea.

1 2 3 4 5 6 7 8
Control AMF Mb Cr AMF+Mb AME+Cr Mb+Cr. AMF+Mb+Cr.
AMF + + + +
Mb + - + B + +
Cr - + - - + + - +
Only Sterilized seeds | Sterilized Sterilized Sterilized Sterilized Sterilized seeds | Sterilized seeds
sterilized sown in seeds seeds seeds seeds immersed in immersed in
seeds substrate immersed in 1 | immersed in1 | immersedin1 | immersedin1 | 50:50 (Mb:Cr) 1 SU:SOHMI;;QrJ 1
containing x 10%conidia | x 10%conidia | x 10°conidia | x 10%conidia | x 10°conidia x 10° conidia
0.5g/kg of AMF | per ml Mb per ml Cr per ml Mb per ml Cr per ml fungal per ml fungal
pcwderi fungal fungal fungal fungal suspensions suspensions
suspension suspension suspension suspension overnight overnight and
overnight overnight overnightand | overnight and sown in
sown in sown in substrate
substrate substrate containing
containing containing 0.5g/kg of AMF
0.5g/kg of 0.5g/kg of powder
AMF powder | AMF powder

Preparation of plant, fungi, and spider mite cultures — Untreated tomato seeds were surface sterilized by
soaking in 70 % ethanol for 1 min and 1 % sodium hypochlorite (NaClO) for 10 min followed by three rinses
with sterile double-distilled water. The fungi Mb and Cr were propagated on SDA media supplemented with
yeast extract and incubated for 14 days at 24 + 1 °C in darkness. Fungal suspensions were prepared by
harvesting conidia from sporulating cultures with a sterilized spatula. Conidia were suspended in 0.01 %
Triton X-100, vortexed and filtered through several layers of sterile cheesecloth to remove hyphal debris and
media remnants. Fungal concentrations were adjusted to 1 x 10”8 conidia per ml. Seeds used for inoculations
with Mb, Cr and their combination were immersed in 30-40 ml of their respective fungal suspensions
overnight on a shaker at 100rpm. Seeds for other treatments were immersed and shaken in control 0.01 %
Triton X-100. The pre-treated seeds were individually sown in separate nursery trays containing sterilized
seedling soil + sand mix (w/w) and germinated for two weeks in the greenhouse (25 °C for 16 h day and 18
°C for 8 h night with 50-60% RH). For treatments that included inoculation with AMF, 0.5 g of Rhea powder
was added per kg of soil. Tetranychus urticae were maintained on tomato plants for several generations in a
growth chamber (25 + 2 °C, 16:8 LD and 60 —70 % RH).

Experimental set-up — Eight inoculation treatments were set up, representing one control with no fungal
inoculation (C), three single inoculations (AMF, Mb, Cr), three dual inoculations (AMF+Mb, AMF+Cr, Mb+Cr)
and one triple inoculation (AMF+Mb+Cr). Two weeks after sowing, 10 uniform seedlings per treatment
combination (80 plants in total) were transferred to 1 L pots (11 x 11 x 12 cm) containing the same substrate
as used for seedling growth (800 g/pot). Care was taken to transfer the seedling with all of its seedling soil
from the nursery tray container. Inoculation treatments were repeated at the time of transplantation. Then,
each pot was placed on an individual plastic saucer to prevent cross-contamination. Pots were arranged in
10 blocks of 8 plants that represented one plant per treatment combination and blocks were rotated within
the greenhouse during plant growth. Plants were watered and fertilized with % Hoagland nutrient solution
twice a week. Two weeks after transplantation, all plants were infested by placing 5 adult female spider mites
from the synchronized rearing on the third true leaf of each tomato plant. The numbers of juvenile and adult
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spider mites were recorded at 3, 7 and 14 days after infestation using a handheld magnifier. After the last
count, spider mites were removed using a fine paintbrush.

Leaf chemistry - From each plant, the locally damaged leaflets were harvested with scissors, placed in a 15
ml falcon tube and immediately flash-frozen in liquid nitrogen for leaf chemical analysis. The scissors were
sterilized with ethanol between the plants. Freeze-dried samples were ground, weighed and extracted in 70%
MeOH. Flavonoids and steroidal glycoalkaloids (SGA) were analysed at the MS analytic metabolomics
platform of the Section for Plant Biochemistry of the Department of Plant Environmental Sciences at the
University of Copenhagen. Analyses were performed using a Dionex Ultimate 300RS UHPLC (Thermo Fisher
Scientific) system equipped with a DAD detector, temperature-controlled autosampler at 10°C and column
oven at 40°C. Chromatographic separation was performed using a Phenomenex Kinetex XB-C18 column (100
x 2.1 mm ID, 1.7 um particle size, 100 A pore size), by a flow rate of 0.3 ml/min. The UHPLC system was
connected to a CompactTM (QgTOF) mass spectrometer (Bruker Daltonics) with an electrospray ionization
source operated in full scan positive mode with the following instruments parameters: nebulizer gas
(nitrogen) at 2.0 bar, drying gas (nitrogen) at 8 L/min and 220°C, capillary voltage 4000 V; spectra acquisition
rate 6 Hz. Internal calibration of every chromatogram was performed by an automated infusion of 10 Mm
sodium formate at the beginning of each run using a syringe pump. The data acquisition was performed using
the software Chromeleon Express (Thermo Fisher Scientific) and Compass Qtof Control (version 4.0.15.3248,
Bruker Daltonics) and Hystar (Version 4.0.15.3248, Bruker Daltonics). MS spectra in positive mode were
acquired between m/z 50 to 1200 mass ranges. For flavonoids analysis, the gradient method consisted of (A)
Water; formic acid 00.1%, and (B) Acetonitrile, formic acid 0.01%, 2% to 100% B in 20 min. UV detection was
used at 254 nm. MS spectra in positive mode were acquired between m/z 50 to 1200 mass ranges. For
Steroidal Glycoalkaloids analysis, the gradient method consisted of (A) Water; formic acid 00.1%, and (B)
Acetonitrile, formic acid 0.01%, 2% to 100% B in 55 min. MS/MS data were acquired in a data-dependent
manner during full scan acquisitions using: collision energy, 18-45eV; precursor ion number, 3 and active
exclusion, 3 spectra.

Statistical analysis - All statistical analyses were performed in R (R Core Team, 2022) and the graphs were
created in R using the ‘ggplot2’ package. The number of spider mites 14 days after infestation was analysed
by a Poisson generalized linear mixed model (log link function) with fungal inoculation treatment as fixed
effect and block as random factor. Leaf chemical data were analysed using modules from Metaboanalyst and
MZmine. After data normalization using log-transformation and Pareto scaling, identified mass features were
clustered and the effects of inoculation treatments on their production were visualized using heat maps and
tested using PERMANOVA. Mean spider mite infestation rates per inoculation treatment were plotted against
mean normalized values of identified mass feature clusters to identify clusters of leaf metabolites associated
with fungus-induced spider mite resistance.

2.2.3 Results

Effects of single strain vs. consortia inoculations on spider mite resistance — Fungal inoculation treatment
significantly affected the number of spider mite offspring that was produced on tomato plants 14 days after
the initial infestation (Figure 3, F[7,72] = 11.2, p<0.001). For single inoculations, the reduction in spider mite
numbers by AMF was significant, whereas the reduction by the entomopathogen M. brunneum was not
significant. The mycoparasite C. rosea did not affect spider mite numbers. Interestingly, the effect of AMF
inoculation was enhanced in dual inoculations of AMF with M. brunneum or C. rosea (Figure 3). However,
this effect was completely abolished when all three fungi were applied as a full consortium.
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Figure 3: Number of spider mites produced on tomato plants 14 days post infestation as a function of inoculation of
host plants with beneficial soil fungi, either singly (AMF = Arbuscular Mycorrhizal Fungi, Mb = Metarhizium brunneum,
Cr = Clonostachys rosea), or as a consortium of two strains (AMF+Mb, AMF+Cr, Mb+Cr) or three strains (AMF+Mb+Cr).
Error bars are + 1 s.e. of the mean. Treatments not sharing a common letter are significantly different from each other
(post-hoc test, a=0.05). Treatments with values below the dashed line show increasing spider mite resistance
compared to the control.

Changes in leaf flavonoids and SGAs in response to fungal inoculation — Both leaf flavonoid and leaf steroidal
glycoalkaloid concentrations were significantly affected by fungal inoculations (p<0.001). Whereas none of
the flavonoids showed a strong pattern of covariation with spider mite numbers on the plant, two clusters
of steroidal glycoalkaloids were identified that covaried with spider mite numbers. One of the clusters
(cluster 1, Figure 4A, harbouring 22 of the 170 mass features that were significantly affected by inoculation
treatment) contained mass features (yet unidentified compounds) that were strongly upregulated in plants
that were dually inoculated of AMF and M. brunneum or C. rosea, and that showed a negative association
with the numbers of spider mites produced per plant (Figure 4B). These compounds are thus candidates that
may have contributed to mediating the fungus-induced resistance to spider mites. Another cluster (cluster
2) showed the opposite pattern, indicating that repression of these compounds by AMF in combination with
M. brunneum or C. rosea may have contributed to enhanced resistance.
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Figure 4: (A). Heat map of mass features associated with steroidal glycoalkaloids produced by tomato plants subjected
to eight different inoculation treatment. The inoculation treatments encompass single or mixed (dual, triple)
inoculations with three fungal inocula: Arbuscular Mycorrhizal Fungi (AMF), Metarhizium brunneum (Mb) and
Clonostachys rosea (Cr). Note two clusters that are specifically upregulated (1) or downregulated (2) in response to
inoculation with AMF and Bm or Cr. (B) Regression of the average number of spider mites per plant on the average
abundance of mass features in cluster (1) across the eight inoculation treatments.

2.2.4 Conclusions

Product Rhea of InoculumPlus, that contains a mixture of five AMF strains, has potential to reduce the
incidence of an important aboveground pest of tomato, the two-spotted spider mite. However, care has to
be taken with using this product in combination with other beneficial fungi. On the one hand, clear synergistic
effects on resistance to spider mites were observed when this product was used in combination with the EPF
Metarhizium brunneum or the mycoparasite Clonostachys rosea. However, when all three fungi were
combined in a single consortium, their effect on resistance to spider mites was abolished. The reason for this
antagonistic interaction in a more complex consortium is not yet clear. C. rosea is known to have
mycoparasitic properties, which is one of the reasons that it has been successfully applied as a biocontrol
agent of fungal pathogens. We could therefore hypothesize that this fungus parasitized on AMF mycelium in
the complex consortium. However, this does not explain why it would not parasitize on AMF mycelium in the
simpler consortium with AMF alone, since this combination showed high induction of resistance to spider
mites.
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The fungus-induced changes in spider mite resistance that we observed appeared to coincide with fungus-
induced changes in the concentrations of a specific cluster of steroidal glycoalkaloids (SGAs). SGAs are a group
of secondary metabolites produced by Solanaceous plants that includes compounds such as alpha-tomatine
that is toxic to a range of arthropod pests. Although we have not yet linked the identified mass features to
specific metabolites, this specific cluster could contain interesting compounds associated with fungus-
induced resistance to spider mites.

2.3 Effects of interactions with resident rhizosphere microbial communities on the
efficacy of soil bio-inoculants in activating microbe-induced resistance in tomato

2.3.1 Introduction

Many of the bio-inocula that are used in agriculture and horticulture to enhance growth or resistance of
crops are not directly applied to crop plants by spraying onto leaves or inoculation of plant tissue, but are
applied as seed coating or through inoculation of the soil surrounding the rhizosphere. Inoculated microbes
are then likely to directly interact with members of the resident soil microbiome, and such interactions can
affect their successful colonization of rhizosphere and/or plant e.g. through competition or facilitation,
subsequently affecting their ability to activate microbe-induced resistance.

Moreover, plants respond to members of the resident soil microbiome, and these responses may interact
with their responses to the bio-inoculant, leading to reinforcement or antagonism between each other’s
potential resistance-inducing effects. However, currently we have very limited understanding of the effects
of such direct versus indirect (plant-mediated) interactions between bio-inocula and resident soil microbes
on the extent of microbe-induced resistance in crops. In this study we therefore use a split-root experimental
set-up that enables us to disentangle effects of direct and indirect (plant-mediated) interactions between
bio-inocula and resident soil microbes on microbe-induced resistance in tomato against spider mites.

We also monitored soil microbial communities to test whether inoculation directly or indirectly affected the
composition and diversity of soil fungal and bacterial communities. Such information is not only important
to assess whether inoculations have potentially adverse effects on native soil communities, but also to assess
whether inoculation induces changes in native soil communities that might feedback on resistance to
aboveground organisms.

2.3.2 Methods

A split-root experiment was set up in a greenhouse at the Netherlands Institute of Ecology (NIOO-KNAW) in
spring 2023 to test the effects of the presence of resident soil microbes on the ability of tomato plants to
induce resistance to two-spotted spider mites in response to inoculation with the entomopathogenic fungus
Metarhizium brunneum. Tomato plants were grown with half of their root system in one pot and the other
half in another pot under five different inoculation treatments to be able to disentangle the effects of direct
versus indirect (plant mediated) interactions between bio-inoculum and soil microbes on microbe-induced
resistance.

The five inoculation treatments (Figure 5) were: (1) Control treatment (C) in which both pots contained sterile
soil (2) Background microbe treatment (Bm), in which one pot contained sterile soil and the other pot non-
sterile soil, (3) M. brunneum treatment (Mb), in which both pots contained sterilized soil and M. brunneum
was added to one of them, (4) M. brunneum and background microbes in separate pots treatment (Bm-Mb),
in which one pot contained non-sterile soil, and the other contained sterile soil inoculated with M. brunneum
(to test indirect interactions between Bm and Mb via the plant) and (5) M. brunneum and background
microbes in the same pot treatment (Bm+Mb), in which one pot contained sterilized soil, and the other non-
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sterile soil inoculated with M. brunneum (to test additional direct interactions between Bm and Mb in the
soil).

C Bm Mb Bm-Mb
C = Control -
Bm = Background microbes A = Metarhizium brunneum
Mb = Metarhizium brunneum -~
Bm-Mb = Background microbes and M. brunneum (different pots) ® o'. = Background microbes

Bm+Mb = Background microbes and M. brunneum (same pot) .

Figure 5: Experimental set-up of a split-root experiment to discriminate between effects of direct versus indirect
interactions between a bio-inoculum (Metarhizium brunneum, Mb) and background microbes (Bm) on spider mite
resistance in tomato. Direct (soil-mediated) interactions are enabled in the most right-hand side treatment
(“Bm+Mb”), whereas only indirect (plant-mediated) interactions are possible between the bio-inoculum and
background microbes in the treatment “Bm-Mb”. No interactions are possible in the only-Metarhizium (Mb) and only-
background microbes (Mb) treatment. A sterile soil (C) treatment serves as control.

Preparation of plant, fungi and spider mite cultures — Tomato (Solanum lycopersicum L. var. Moneymaker)
seeds were obtained from Oranjeband zaden, NL, and germinated in a growth chamber at 23 % 2 °C, light:
dark cycle of 16:8 hours and 60 =70 % relative humidity. The entomopathogenic fungus, Metarhizium
brunneum 1868 was obtained from KIS, SI, and was originally isolated from a dead Agriotes sp. adult collected
from an agriculturally utilized region in Slovenia. Fresh fungal cultures were propagated on SDAY/4 medium
(16.25 g SDA, 2.5 g bacterial yeast extract and 11.25 g agar in 1L of water) in dark at 24 + 1 °C for two weeks.
Fungal suspension was prepared by adding 10 mL of 0.01% Triton X-100 to scrape off fungal spores from the
SDAY/4 plates. The liquid was put in a 50 mL falcon tube, vortexed, and strained through multiple layers of
sterile cheese cloth. The filtered liquid was diluted and a suspension containing 1 x 10”8 spores per ml was
prepared by spore counting with a Fuchs-Rosenthal haemocytometer before inoculation in the experiment.
A colony of two-spotted spider mites (Tetranychus urticae) was acquired from the insect rearing facility at
Wageningen University, NL and was maintained on tomato.

Experimental setup — Tomato seeds were surface sterilized by immersion in 70% ethanol for 1 minute,
followed by immersion in 1% NaClO for 10 minutes and rinsed five times with sterile double-distilled water.
Seeds were germinated in trays containing sterilized coarse vermiculite for 21 days. The vermiculite was
sterilized by autoclaving for 15 minutes at 121 °C. The seedlings were watered with 1/2 Hoagland nutrient
solution twice a week. Three weeks after sowing, 180 similarly sized tomato seedlings (36 for each of the 5
treatments) were transplanted into the split-root setup (Figure 5), consisting of two adjacent pots (9x9x10
cm) containing 800 grams of soil-sand mix (sterilized or non-sterilized). The soil was a low nutrient sandy soil
collected from an arable field near Wageningen. Soil was sieved through a 5 mm mesh to homogenize and
mixed with 0.71-1.25 mm coarse sand (Wildkamp, Lutten, NL) by 3:1 w/w. Half of the soil: sand mix was
sterilized by y ray sterilization with >25 kGray at ISOTRON, Ede, NL. During seedling transplantation, seedlings
were carefully uprooted from the seedling trays, vermiculite was removed by shaking and roots were split
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into two halves. Holes were made in the soils on the sides of both pots. The roots were covered with soil,
and vermiculite was sprinkled over the soil to slow down water evaporation. Transplanted seedlings were
held up with two wooden sticks for stability with a metal wire loosely placed around the stem between the
cotyledons and the oldest leaves.

From each treatment half the plants had their primary root placed in the inoculated pot and the other half
in the non-inoculated pot when appropriate. Each pot was placed on a saucer for watering by capillary water
uptake and to avoid cross contamination. The plants were watered with 60 mL of % Hoagland nutrient
solution once a week, and with tap water twice a week. The greenhouse conditions were maintained at 25
°C during the 16h day and 18°C during the 8h night, with 50-60% RH. One day after transplantation, pots
were either inoculated with 2 mL of 1 x 1078 conidia per ml fungal suspension (for pots assigned to
inoculation with M. brunneum) or with 2 mL of 0.01% Triton X-100 by pipetting on the soil near the base of
the stem.

Spider mite bioassay — Two weeks after inoculations each treatment was divided into two groups of 18 plants
equally distributed with respect to the location of the primary root. One group per treatment was infested
with spider mites and the other kept non-infested. To obtain the same age spider mites for in planta bioassay,
60 adult female mites were carefully transferred from the base population to a six-week-old tomato plant
using a small paintbrush. After 24 hours, adult mites were removed and the infested plant with eggs was
kept in a growth chamber for 14 days to allow the mites to develop into uniformly aged adults. For
infestation, adult females were selected from the synchronized colony. Five of these mites were then placed
on the youngest fully developed leaf of each plant designated for the mite treatment, using a brush. To
prevent the spider mites from escaping, foam bands were secured around the stems of the infested leaves.
The same foam bands were also placed on leaves of plants without mites. The day following infestation, the
number of mites was counted to verify the numbers of successfully established mites after release. The
numbers of juvenile and adult spider mites were counted 1, 4, 6, 10 and 14 days after infestation. Following
the last count, spider mites were carefully removed using camel hair brush and dipped in 70% ethanol.

Leaf chemistry — For chemical analysis, infested leaflets were sampled from 12 randomly selected replicate
plants per treatment. Leaves from two plants within the same treatment were pairwise pooled, resulting in
6 biological replicates per treatment for the infested group and the same number for the non-infested group.
The pooled leaves were placed in 15 ml Falcon tubes, flash frozen immediately and stored at -80 °C until
further processing. Polyphenolics (chlorogenic acid and rutin) and sugars (glucose, fructose, and sucrose)
were extracted from the leaf samples using methanol extraction. Briefly, 800 ul of 70% MeOH was added to
around 25 mg of freeze dried finely ground leaf material. The mixture was vortexed for 30 sec, sonicated at
20 °C for 30 mins and centrifuged at 10,000 rpm for 10 mins. The supernatant was collected into new
centrifuge tube and extraction was repeated. Supernatants from two extractions were pooled and vacuum
dried using Rota-vapor. The remaining pellet was re-dissolved in 1ml of 70 % MeOH, vortexed for 30 sec,
sonicated for 10 mins and filtered through a 0.2 mm polytetrafluoroethylene syringe filter into glass vials for
subsequent analysis. Analysis of phenolic compounds was performed by HPLC (ThermoFisher Scientific,
Waltham, MA, USA) attached with UV diode array detection. Analysis of sugars was performed by HPLC
equipped with electrochemical detection (LC Bioinert 1260 Infinity, Decade elite ECD Antec.). Quantification
was done by standard curve and expressed as pg/g leaf dry weight.

Rhizosphere microbial communities — For rhizosphere soil samples, the rhizosphere soil from two adjacent
pots was collected separately. The soil adjacent to the roots was gently collected in a 2 ml Eppendorf tube
using a soft brush and spoon and stored at -80 °C until further processing. For sequencing of fungal and
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bacterial microbial communities in rhizosphere soil, DNA was extracted from ~0.25 g of moist rhizosphere
soil using the Power Soil DNA isolation kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol.
For fungal communities, the intergenic transcribed spacer (ITS2) region was targeted using ITS4/ITS7 primer
combination (5-TCCTCCGCTTATTGATATGC- 3/5- GTGARTCATCGARTCTTTG-3) with 300 bp coverage. For
bacterial communities, the V4 region was amplified using 515F/806R primers (5-GTGYCAGCMGCCGCGGTAA-
3/5 - GGACTACNVGGGTWTCTAAT-3) with 250 bp coverage. The preparation of barcoded libraries and
Illumina MiSeq PE sequencing were carried out at Genome Quebec Centre, Montreal, Canada. In addition,
fungal biomass in rhizosphere soil samples was estimated by quantification of ergosterol. After alkaline
extractions of ergosterol, concentrations were measured by LC-MSMS (UHPLC 1290 Infinity Il and 6460 Triple
Quad LC-MS, Agilent Technologies, CA, US).

Endophytic colonization — To assess the endophytic colonization of plants by M. brunneum in the Mb, Mb —
Bm, and Mb + Bm treatments, samples were collected from 12 plants per treatment from both the infested
and non-infested groups. As a control, 6 plants were sampled from the Cand Bm treatments. The colonization
was examined in leaf, stem, and root samples. Roots from each pot were sampled separately to evaluate the
potential movement of colonized fungi from the roots of inoculated pots to the roots of non-inoculated pots.
For sampling, three leaves and three stem pieces (each 2-3 cm in length) were taken from the base, middle
and top of the plants and root samples were taken from the primary and lateral roots (3-4 cm each). All the
samples were treated individually, washed under tap water and sterilized. For sterilization samples were
immersed in 70% ethanol and 2% NaClO for two minutes respectively, and rinsed with sterilized ddH20 three
times. After sterilization, the samples were further cut after removing edges, into 2 pieces of stem (1-1.5 cm),
two pieces of leaf (1.5-2cm) and three pieces of root (1-1.5 cm) from each piece of sampled tissue. This
resulted in 6 pieces per tissue per plant and a total of 72 pieces per tissue per treatment. Samples from the
C and Bm treatments underwent the same processing, resulting in 36 pieces per tissue per treatment. All the
tissue pieces were placed in petri dishes containing selective media (Rasool et al. 2021) and incubated for 21
days at 25 °Cin darkness. Stem pieces were careful pressed into media to ensure the contact. Plant segments
were inspected every three days until 21 days after incubation to ensure endophytic outgrowth from internal
tissue at the edges.

Statistical analysis — All statistical analyses were performed in R. The number of spider mites 14 days after
infestation was analysed by a Poisson generalized linear mixed model (log link function) with fungal
treatment (five levels) as fixed effect and block as random factor. A linear mixed model was fitted to plant
chemical data with fungal treatment, presence/absence of spider mites and their interaction as fixed effects
and block as a random factor. A binomial generalized linear mixed effect model (logit link function) was fitted
to the endophytic colonization data (presence/absence per plant piece and per plant tissue) using fungal
treatment and plant tissue (stem and root) as fixed effects and block and plant id as random effect. Factors
with significant effects were subjected to pairwise comparisons using the Tukey post hoc test by the
‘multcomp’ package. Fungal (ITS) and bacterial (16S) amplicon sequencing data was analysed using the
DADA?2 pipeline (Callahan et al., 2016). For bacteria, standard settings were used with SILVA as a database
(v. 132). UNITE (release 10.5.2021; Nilsson et al., 2019) was used to identify fungal amplicon sequence
variants (ASVs). Total sum scaling (TSS) was used to normalize the data and only fungi were included in the
ITS dataset and only bacteria in the 16S dataset. Permutational multivariate ANOVA (PerMANOVA) models
were created using Bray-Curtis distances in Vegan (adonis2) to test effects of fungal inoculation treatment
and spider mite infestation. DESeq2 was used to investigate the effect of the treatments on bacterial genera
using 0.01 alpha and log2 fold change.
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2.3.3 Results

Microbe-induced resistance to spider mites - The number of spider mites observed 14 days after infestation
was significantly affected by inoculation treatment (Figure 6, Chi?[4] = 59.1, p<0.001). Inoculation with M.
brunneum in sterile background soil reduced the number of spider mites per plant by 28%, indicating that M.
brunneum induced resistance against spider mites. However, the magnitude of this M. brunneum-induced
resistance was significantly diminished in the presence of background microbes. When M. brunneum was
inoculated in the same root compartment as the background microbial community (Bm+Mb treatment), the
reduction in the number of spider mites per plant was only 17%. While this reduction was still significant, it
indicates that M. brunneum-induced resistance was only half as effective in the presence of the background
microbes. Interestingly, the same effect was seen when M. brunneum and background microbes resided in
different root compartments (Bm-Mb treatment), indicating that the mitigating effects of background
microbes on M. brunneum-induced resistance were at least partly mediated by the plant.
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Figure 6: Number of spider mites produced per tomato plant 14 days after infestation, as a function of fungal
inoculation treatment in a split-root experiment. The right three bars discriminate between treatments where effects
of the bioinoculant Metarhizium brunneum (Mb) on spider mite resistance could (1) not be affected by interactions
with background microbes (Bm) (orange bar, “Mb”), (2) could only be affected by interactions with background
microbes mediated by the plant (brown bar, “Bm-Mb”), or (3) could be affected also by direct interactions between the
bio-inoculum and background microbes in the rhizosphere (red bar, “Bm+Mb”). Error bars are * 1 s.e. of the mean.
Treatments not sharing a common letter are significantly different from each other (post-hoc test, a=0.05). Treatments
with values below the dashed line show increasing spider mite resistance compared to the control.

Effects of fungal inoculations on leaf chemistry - Local leaf concentrations of the two phenolic compounds,
chlorogenic acid (CGA) and rutin were strongly affected by both inoculation treatment, spider mite
infestation and their interaction (shown for CGA in Figure 7, all p<0.01). Whereas uninoculated control plants
did not enhance local CGA and rutin concentrations in response to spider mite infestation, plants grown with
M. brunneum or background microbes in their root environment enhanced local CGA concentrations by 120%
and 155%, and rutin concentrations by 52% and 30%, respectively. This indicates that both M. brunneum and
background microbes primed plants for herbivore-induced production of these phenolic compounds.
Whereas effects of bioinoculant and background microbes on leaf phenolics reinforced each other when they
were jointly present in the rhizosphere (Bm+Mb), they antagonized each other when present in separate
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compartments (Bm-Mb). However, correlations between average spider mite numbers per plant and average
leaf CGA or rutin levels were not significant, hence there is no support that priming of the production of these
compounds contributed to the observed microbe-induced resistance.

Leaf chlorogenic acid (ug/g dw)
a.u.

Ctrl Bm Mb  Bm-Mb Bm+Mb
Fungal inoculation treatment

Figure 7: Concentration of chlorogenic acid in tomato leaves as a function of fungal inoculation treatment and spider
mite infestation in a split-root experiment. Unhatched bars indicate plants without spider mite infestation, hatched
bars indicate plants with spider mite infestation. Fungal inoculation treatments represent different combinations of the
presence of the bioinoculant Metarhizium brunneum (Mb) and background microbes (Bm) in different root
compartments (see text for explanation). Error bars are + 1 s.e. of the mean. Treatments not sharing a common letter
are significantly different from each other (post-hoc test, a=0.05)

Effect of background microbes on M. brunneum colonization - M. brunneum colonized between 25 and 30%
of root tissue of plants grown in otherwise sterile soil (Mb treatment, Figure 8). A similar percentage of roots
was colonized in corresponding compartments that had not been inoculated (not shown), i.e., the fungus
easily colonized the whole root system. Colonization of stems tended to be slightly lower than colonization
of roots, but the difference was not statistically significant. Leaves were not colonized. Surprisingly, the
presence of background microbes in the same compartment as the inoculum did not reduce the percent of
root or stem colonization, but the presence of background microbes in the opposite root compartment did
(p<0.05). Spider mite infestation significantly reduced colonization of root and shoot tissues by M. brunneum
(Figure 1.3.4, P<0.01).
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Figure 8: Percent of root and stem colonization by M. brunneum of tomato plants grown in a split-root system when
subjected to different fungal inoculation treatments and in the absence (solid bars) or presence (hatched bars) of
spider mite infestation. The three inoculation treatments are Mb: Plants inoculated with M. brunneum in sterile
background soil; Bm-Mb: Plants inoculated with M. brunneum in one root compartment and with background
microbes in another root compartment; Bm+Mb: Plants inoculated with M. brunneum and background microbes in the
same root compartment. Error bars are 95% confidence intervals.

Interactions between bioinocula and resident microbes in the rhizosphere - In total, 312 fungal genera were
detected in samples of the background microbial community. Two genera, Emericellopsis and Penicillium,
comprised more than half of their total abundance. Metarhizium ASVs were virtually absent from background
microbial samples (relative abundance 0.02%), indicating that the bioinoculant was basically absent from the
natural soil. When M. brunneum was inoculated into background fungal communities, it became a dominant
part of the fungal community, reaching an average relative abundance of 47% (range 12-86%). However,
when we consider the background fungal community excluding Metarhizium, inoculation with M. brunneum
did not significantly affect the composition (relative abundance) of fungal genera naturally present in the
background rhizosphere community (Figure 9A), p=0.07), nor their diversity (not shown). Results for effects
of inoculation on bacterial rhizosphere communities differed from those of the fungal communities. In total,
43 bacterial phyla, dominated by Proteobacteria, and 725 bacterial genera were detected in samples of the
background microbial community. Inoculation with M. brunneum significantly altered the community
composition at genus level (Figure 9B), p<0.05). Although these changes were generally stronger when the
inoculated fungus could directly interact with the resident bacterial community (Bm+Mb) than when these
interactions were mediated by the plant (Bm-Mb), changes induced by the latter treatment were still
observed (Figure 9B), indicating that inoculation triggered plant responses that affected the rhizosphere
bacterial community. Spider mite infestation did not significant affect the microbial communities.
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Figure 9: Impact of soil inoculation with the biocontrol fungus Metarhizium brunneum (Mb) on the background
microbial rhizosphere community (Bm) in a split-root experiment. (A) Non-metric multidimensional scaling plot of
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resident fungal communities (excluding Mb) in three inoculation treatments: (i) when not inoculated with Mb
(black/grey dots), (ii) when inoculated with Mb in a separate root compartment (i.e., no direct but only plant mediated
interactions between Bm and Mb, dark/light green dots), or (iii) when inoculated with Mb in the same root
compartment (i.e., direct interactions between Bm and Bm in the rhizosphere, red/orange dots). Data for plants
infested with spider mites are indicated in lighter colors than those of plants without spider mites. (B) Relative
abundance of bacterial genera that were enhanced or decreased by inoculation of soils with the biocontrol fungus Mb.
Bm: only background microbes; Bm-Mb: Bioinoculant inoculated in a different compartment than the background
microbes; Bm+Mb: Bioinoculant inoculated in the same compartment as the background microbes.

2.3.4 Conclusions

The efficacy of the bioinoculant Metarhizium brunneum in activating spider mite resistance in tomato host
plants was significantly affected by the background rhizosphere community of the plant. For the specific
arable soil that we used in this study, the presence of its background microbial community did not enhance,
but actually decreased the extent of M. brunneum-induced resistance. Interestingly, the decrease was also
observed when background microbes could not directly interact with the inoculant, indicating that the
mitigation of M. brunneum-induced resistance by the background microbes was not simply due to lower
rhizosphere competence of the inoculum as a result of competition with resident microbes. This was
corroborated by the observation that the root and stem colonization of Metarhizium brunneum was not
diminished by the presence of background microbes in the same compartment. The results therefore suggest
that the diminishing effect of background microbes on M. brunneum-induced resistance was at least partly
mediated by the plant, i.e. that the response of the crop plant to the inoculant was diminished in the presence
of other microbes. Also, the priming of the production of leaf phenolic metabolites (CGA, rutin) in response
to spider mite infestation by M. brunneum was affected by the presence of background microbes, but neither
appeared to be involved in defense against the spider mites.

Finally, M. brunneum inoculation in the rhizosphere did not reduce microbial diversity in the soil and did not
lead to significant changes in the composition of the resident fungal community, but lead to small changes
in the composition of the bacterial community, even when that community was not in direct contact with
the inoculum, indicating that these changes were mediated by plant responses to inoculation, for instance
through altered root exudation patterns or rhizodeposition. Whether such changes subsequently feedback
on plant resistance to aboveground organisms should be investigated in follow-up studies.

2.4 Effects of application method of bio-inoculants against spider mites in strawberry:
Direct exposure versus microbe-induced resistance

2.4.1 Introduction

Beneficial fungi can be used to control arthropod pests either directly, by contact that kills the pest, or
indirectly, by associating with the plant roots that can induce plant resistance with negative impact on the
pest population. The aim of the study was to evaluate the direct and indirect effects of three biocontrol fungi
(Clonostachys rosea KIS 1881, Metarhizium brunneum KIS 1868 and M. brunneum KVL 16-36) on the
individual development and the population growth of the two spotted spider mite (Tetranychus urticae),
when feeding on three different strawberry cultivars (Clery, Faith, Rumba).

2.4.2 Methods

Two separate experiments were designed to study direct and indirect effects of the three biocontrol fungi
using different application methods (Figure 10). Fungal inoculum was prepared in similar way by cultivating
on quarter strength Saboroud Dextrose Agar supplemented with yeast (SDAY/4) for M. brunneum and on
Potato Dextrose Agar (PDA) for C. rosea. Conidia were harvested after 3 weeks and suspended in 0.05%
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Triton-X, with adjustment of concentration to 107 conidia per ml. Afterwards, the direct application approach
was carried out by soaking leaf discs in the fungal conidia suspension, then air-dried and placed individually
in an arena chamber along with a single spider mite egg. The egg hatching rate and nymph development
were monitored daily for 15 days. The indirect exposure approach was conducted by applying fungal conidia
suspension to the root system of plants (trimmed to 3 leaves each) growing in coir substrate through
drenching. Seven days after this fungal application, each plant was infested with 3 same age spider mite
females on one of the leaves enclosed inside a ventilated transparent pouch. The population size of spider
mites on each plant was monitored every three days for 15 days.
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Figure 10: Schematic representation of the experimental setup to test the direct and indirect effects of beneficial fungi.

2.4.3 Results

With the direct application approach, the fungal treatments significantly decreased the egg hatching rate and
the nymph survival probability of the spider mites, with M. brunneum KVL 16-36 having the most reducing
effect, while the strawberry cultivar had no effect (Figure 11, upper panel). With the indirect application
approach with drenching conidia suspension to the coir substrate, both the plant cultivar and the fungal
treatment significantly influenced the spider mite population size after 15 days (Figure 11, lower panel): in
‘Clery’, the treatment with the fungus C. rosea caused the largest decrease in the population; in ‘Faith’ and
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‘Rumba’, the two M. brunneum strains showed opposite pattern, with KVL16-36 decreasing the spider mite
population and KIS 1868 increasing the spider mite population as compared to control treatment.
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Figure 11: Individual traits and population growth of spider mites. For the top plots, N = 30, a cox model was used with
the following formula: y ~ cultivar * fungal treatment. For the bottom plot, N = 10, a generalized linear mixed model
was used with the quasi-Poisson family and the following formula: y ~ time * cultivar * fungal treatment + (1Plant ID).
Within each sub-figure, different letters indicate significant differences among treatments.

2.4.4 Conclusions

The three biocontrol fungal strains had effects against spider mites on strawberry plants, but the direction of
the effects depended on context. Direct application of M. brunneum caused negative effects while C. rosea,
which is considered a biocontrol agent against phytopathogens, had no effect. In contrast, C. rosea showed
negative indirect effect on population growth when applied to root system, but only in the cultivar ‘Clery’.
This is to our knowledge the first report of such indirect effects of C. rosea against pests. Hence, the effects
are depending on plant cultivar and application methods. Surprisingly, M. brunneum KIS 1868 led to an
increase in spider mite population in all cultivars with root application while M. brunneum KVL 16-36
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generally reduced spider mite population with root application, indicating that not all M. brunneum strains
will cause similar type of response in pest populations, even they have same type of direct effect.

2.5 Effects of bio-inoculants against spider mites in strawberry with and without soil
microbiota: Microbe-induced resistance may be context dependent

2.5.1 Introduction

Previous experiments (see the above section) have shown that the biocontrol fungus Clonostachys rosea
induced a decrease of the two-spotted spider mite population growth when inoculated via drench application
to the coir substrate of strawberry plants, cultivar ‘Clery’. The aim of the study was to test whether adding a
natural soil microbial community to the coir substrate would modulate the C. rosea -induced resistance
affecting the spider mite population growth. Also, the aim was to quantify plant defense compounds of the
leaves on which spider mites fed.

2.5.2 Methods

Strawberry plants ‘Clery’ were grown in coir substrate in a greenhouse and trimmed down to 3 leaves before
the beginning of the experiment. Experimental design is described in Figure 12. In brief, the coir substrate of
each plant was inoculated with one of the three treatments 1) sterile distilled water, 2) soil slurry obtained
by diluting soil from an organic field in sterile water, or 3), soil slurry sterilized by autoclaving. Fungal conidia
suspension of C. rosea KIS 1881 was prepared as in above section and applied to half of the pots in each of
the three substrate treatments. Finally, each plant was infested or not with 3 female spider mites inside mesh
cage (all plants carried mesh cage). We monitored the spider mite population in the mesh every three days
for 2 weeks. Then the caged leaves were sampled, flash frozen in liquid nitrogen and extracts were prepared
to quantify the total flavonoid content.

Soil treatment inoculation

Fungal treatment inoculation
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Figure 12: Schematic representation of the experimental setup to test the effect of soil microbiome (i.e. soil slurry) on
C. rosea-induced resistance. “sdH20” stands for sterile water and “TSMM” for two-spotted spider mite T. urticae.

2.5.3 Results

The interaction between time, soil treatment and fungal treatment had a significant effect on the spider mite
population (Figure 13), indicating that spider mite responses depended on the combination of factors.
Indeed, we confirmed the previous results where the combination sdH20-C. rosea tended to decrease the
spider mite population compared to control treatment with no fungal application (sdH20-sdH20), although
the pairwise comparison was not significant. However, we observed the opposite pattern where slurry-
sdH20 decreased the spider mite population compared to control, but sdH20-C. rosea unexpectedly
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increased spider mite population when slurry was added to the substrate. Regarding the plant defenses, the
spider mite infestation and fungal treatment had a significant effect of the total flavonoid content (Figure
14). On its own and without spider mite, C. rosea had an inducing effect which increased total flavonoid
content. This effect disappeared when the substrate contained slurry, either natural or autoclaved (left panel
of Figure 14). When plants were infested with spider mites, all plants with C. rosea showed a higher level of
total flavonoids, but the level was lower in the natural slurry treatment than the autoclaved slurry and the
sdH,0 (right panel of Figure 14).
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Figure 13: Development of the spider mite population over time. Bars indicate mean values * standard errors, letters
are significant differences between the treatments. N = 8. A generalized linear mixed model, with the quasi-Poisson
family was performed using the following formula: y ~ Time * Soil treatment * Fungal treatment + (1[Plant ID).
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Figure 14: Total flavonoid content in strawberry leaves. Content is expressed in mg Catechin equivalents/ g sample
extract. Bars indicate mean values + standard errors. Significant differences between fungal treatments within the
same soil treatment are indicated in lower class letters. N = 24 (3 technical replicates/plant, 8 plants/condition). A
linear mixed model and the fourth root transformation were performed using the following formula: y ~ Soil treatment
* Fungal treatment * Spider mite infestation + (1[Plant ID).

2.5.4 Conclusions

The previously documented negative effect of root inoculation with the biocontrol fungus C. rosea KIS 1881
was confirmed in the coir substrate. This effect appears to be correlated with an increase in the leaf content
of total flavonoids which was higher in C. rosea treatments than control. However, the effect was modulated
by adding microbial complexity through application of soil slurry containing natural microbial community.
Here, the effect was in fact opposite on spider mite population growth, and the plant leaf total flavonoid
content was also at a lower level. Hence, the beneficial above-ground effect of root application of biocontrol
fungi may be hampered by substrate complexity, leading to unpredictable outcomes, which can be a
challenge for implementation and take-up of bio-inocula.

3. Field studies assessing effects of bioinocula on aboveground pests’
and beneficials’ abundance in strawberry

3.1 Introduction

In the last 20 years, a growth in strawberry production has been seen in the world, as it has doubled from
4.5 to 9.1 million tons (FAOSTAT 2023). Industrial strawberry production, like much other agricultural
production, has been achieved via varietal development, mono-cropping and intensive soil fumigation,
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pesticide application and fertilizer use (Parker 2015). Many pests and diseases attack strawberries (e.g. see
Solomon et al. 2001, Maas 2004). Strawberries have amongst the highest levels of pesticide residues of any
fruit or vegetable available for retail sale. Some activists, experts and alternative producers question the
sustainability of pesticide use in strawberries and other crops for human health, ecologies and even the very
purpose of pest control (Parker 2015). One of the possible and sustainable solutions is biological control using
various means, one of these is the use of entomopathogenic fungi (EPF).

EPF has been shown to be effective in controlling pests on strawberries in laboratory experiments (Dogan et
al. 2017), pot experiments (Dogan et al. 2017, Canassa et al. 2020a), semi-field (Klingen et al. 2015) and field
studies (Canassa et al. 2020b, Mantzoukas et al. 2022, Tartanus et al. 2021) without affecting the natural
enemies of the pests (Canassa et al. 2020b). EPF can infect and kill many species of insects/arthropods, while
they are also able to colonize plants as endophytes. EPF isolates differ in their virulence towards arthropod
hosts, both intra- and interspecifically (Canassa et al. 2020a). For example, strawberry plants treated with
Metarhizium robertsii and Beauveria bassiana had significantly fewer adult Tetranychus urticae and 50 %
fewer leaves damaged by Coleoptera, but there was no effect on the number of whiteflies and thrips (Canassa
et al. 2020b). On the other hand, in the study by Mantzoukas et al. (2022), a significant decrease in aphid and
thrips populations was observed on strawberry plants inoculated with Beauveria bassiana. Males and
females of the generalist predator Anthocoris nemorum detected and avoided contact with leaf surfaces
inoculated with B. bassiana in experimental studies (Meyling & Pell 2006). Another concern is the impact of
EPF on pollinators. A study by Leite et al. (2022) has shown that three EPF species can potentially reduce the
survival of social bees at the individual level under laboratory conditions. In contrast to this and similar
laboratory studies, no adverse effects of EPF treatments on adult honey bees, the immature stages and in
terms of colony growth rate have been found in field trials (Bava et al. 2022). As far as we know, there is no
research to date that has observed the effects of EPF on both pests and beneficial arthropods over an
extended period of time in the field on strawberry plants.

3.2 Experiment description and locations

Strawberry plants are attacked by various arthropods, including insect and mite species. They cause damage
to different parts of the plants and at different times of the year. The most common are aphids, thrips,
weevils, cutworms, sap beetles, tarnished plant bug, whiteflies and mites. Monitoring is a critical component
of a successful pest management program in both integrated (IPM) and organic (ORG) farming. The primary
objectives of this field study were to locate, identify, quantify and categorize the severity of pest infestations.
However, strawberry plantations also harbour beneficials such as predatory mites, soil predators (e.g.
carabids and spiders), lacewings, pollinators (e.g. bees and bumblebees) and hoverflies
(predators/pollinators). The presence and abundance of arthropod pests and beneficials can be monitored
and quantified using a range of sampling techniques, e.g. pitfall traps, alimentary funnel traps, sticky traps,
pheromone traps, sweep nets and in situ counts.

The field studies of the task WP5.2 were performed in Slovenia and Denmark in 2022 and 2023. The data
was obtained within the following experiments, established in 2021 within WP3:

e 19SIFp-KIS
e 20SOFp-KIS
e 21SOFp-UCP
e 22SIFp-UCP
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Strawberry integrated and organic field trials 19SIFp-KIS and 20SOFp-KIS were located in Slovenia at Brdo pri
Lukovici, about 300 m asl and 25 km northeast of Ljubljana. UCPH trials were located in Denmark. 21SOFp-
UCP was located near Ventegodtgaard (Rugbjergvej, Stavtrup) (Figure 15). This trial was carried out in an
organic strawberry field on the plain at 29 m asl, 8.7 km from the coast in the Sjelland Region. Trial 22SIFp-
UCP was carried out in an integrated strawberry field, located at Hunsballe (Sandbjergvej), at 18 m asl, 8.4
km from the coast in the Sjeelland Region. Research topic was to assess biopesticide activity of the selected
bioinocula and their potential effects on aboveground arthropod fauna.
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Slovenia (KIS)-2023

Figure 15: Images of Integrated and Organic strawberry fields in Slovenia and Denmark (left) and a coarse location of
the field experiments performed within WP5.2 (right).

Description of the Slovenian trials. Both fields (IPM and ORG) are part of the experimental orchard of KIS,
therefore they are experimental fields, not part of a commercial farm. 20SOFp-KIS was managed with none
to low inputs, with weeds being removed mechanically and manually while 19SIFp-KIS was managed with
chemical inputs to control fungal diseases and weeds. Based on soil analyses, fertilisation of the fields was
not necessary. Fields were in previous years covered with grass (2018), buckwheat (Fagopyrum esculentum)
(2019-2020) and a mixture of buckwheat and crimson clover (Trifolium incarnatum) (from 2020 until field
tillage in 2021). Since it was a very hot summer of 2021 and the soil very dry, we waited for the rain to plough
the field. Field trial was prepared in July 2021 by first cultivating the soil and then making four elevated ridges
along each field. Once the ridges were made, we covered them with black foil and placed t-tape irrigation
tube under the foil. The foil had pre-prepared holes for planting strawberries in which we applied the selected
fungal treatments just before planting. The negative control planting holes were left untreated. At the end
of July 2021, we planted a total of 1920 plants of cultivar Clery (early variety). The distance between the rows
was 50 cm and 20 cm between plants. On every ridge we planted frigo plants in a single line. Each plot
included 40 plants consisting of 10 plants in 4 rows (ridges); 2 external rows were not evaluated due to
potential ‘edge-effects’ and were treated as buffer zone. For the assessments and sampling, only the central
20 plants were assessed in each plot. In total 6 blocks were set up (representing 6 replicates). Each block
contained four plots representing the four inoculation treatments. During the season both Slovenian fields
(IPM and ORG) were covered by plastic tunnels.

Description of the Danish trials. The trials took place in commercial farms, where pumpkin and winter wheat
were cultivated in 2020, respectively before 21SOFp-UCP and 22SIFp-UCP were implemented. 21SOFp-UCPH
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was managed with none to low inputs, with organic manure fertilizer. 22SIFp-UCP was managed with
chemical inputs to control insects and diseases, and with input of synthetic fertilizers. Weeds were removed
mechanically and manually in both farms. Both farmers planted the cultivar Faith (early blooming) between
the 10-11% of May 2021 in 21SOFp-UCP and between the 5-11*" of April 2021 in 22SIFp-UCP. The experiment
was carried out on 6 blocks. One block was 12 m? wide and contained 4 plots, where each of the 4 treatments
were randomly attributed in plots. Each plot contained 40 plants (i.e. 4 rows of 10 plants) and was separated
from the next plot by a 2 m buffer zone. The row distance and the planting distance within row are 1 m and
30 cm, respectively. Treatments were applied on the 20" of May and on 29*" of April 2021, respectively in
21SOFp-UCP and in 22SIFp-UCP. The Danish trials were not covered by plastic tunnels.

Treatments description. In all four trials, field experimentation began at planting, when we inoculated the
plants using individual products. The application of all three treatments was carried out by means of holes in
the ground of suitable size at the same place where we immediately planted bare roots of frigo plants. There
were 3 fungal treatments (Metarhizium brunneum, Clonostachys rosea, and AMF) and control treatment. The
plants were treated twice, at transplanting in early spring in Denmark and in summer in Slovenia in 2021 and
again in early spring 2023. The details of the treatments and doses applied are reported in Table 3.

Table 3: Description of the treatments set up and doses used. AMF — arbuscular mycorrhizal fungi.

Treatment Product Dose in 2021 [g of dried formulation | Dose in 2023 [ml of liquid
provider or conidia per plant] formulation or conidia per plant]

M. brunneum KIS 5 g or 3.62x10"9 conidia/plant 100 ml or 1x107 conidia/plant

C. rosea KIS 5 g or 2.83x10”9 conidia/plant 100 ml 1x107 conidia/plant

AMF (product InoculumPlus 1 g or 1.74x10"9 infective 100 ml or 1.74x1079 infective

Asteria) propagules/plant propagules/plant

Control / / /

3.3 Arthropod sampling protocol

First, we visually inspected the plant canopies (20 plants on each replicate plot) for beneficial flying
pollinators such as hoverflies (f. Syrphidae), honeybees (Apis mellifera), bumblebees (Bombus spp.),
solitary/wild bees (Apidae) and other pollinators (e.g. Stratiomyidae). Next, we carefully shook off the
arthropods from the inflorescences or fruit buds (on 5 randomly selected individual plants per replicate plot)
into a white plastic tray with a length of 29 cm and a width of 16 cm. We shook one blossom cluster per plant
for 3 seconds. On the tray, we counted the presence of pest arthropods such as thrips, Anthonomus sp. and
other Curculionidae, phytophagous bugs (Lygus sp., Miridae and others), flea beetles, etc., and beneficial
arthropods such as predators (spiders/harvestmen, hoverfly larvae, ladybug larvae and adults, lacewings,
predatory bugs and others), parasitoids and other arthropods. Finally, we examined the plant canopies to
determine the community of herbivorous and predatory mites, whitefly pupae and adults, aphids and aphid
mummies (and the above-mentioned taxa) on 20 plants per plot.

We noted the number of all taxa as counts per replicate plot, except the number of canopies containing
whiteflies, aphids and/or herbivorous mites, where presence/absence of these three taxa was noted on 20
plants per plot. All assessments were conducted three to four times per year at first open flower blossoms,
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during full bloom, at the beginning of harvest and after harvest. In general, the sampling and observations
were carried out in fine weather. Cloudy or partly sunny weather was most acceptable.

3.4 Field arthropod data analysis

Data collected in 2022 and 2023 were summed per plot. The arthropods were split into different groups or
“feeding guilds": pollinators; parasitoids; predators; natural enemies (i.e. parasitoids + predators); beneficials
(i.e. pollinators + parasitoids + predators); herbivores; competitors (i.e. Formicidae have mutualistic
interactions with aphids, and are therefore expected to be competitors or antagonists to natural enemies);
infested plants (i.e. proportion of strawberry plants infested by aphids, whiteflies and/or herbivorous mites);
total arthropods (sum of the previous groups but without springtails and Formicidae as the latter two groups
were only counted by KIS); total arthropods with the latter two groups included.

The different feeding guilds were tested against Location (Slovenia and Denmark; not done for Competitors,
as Formicidae were counted only in Slovenia), Production system (organic and integrated production),
Treatment (Control, AMF, C. rosea, M. brunneum), Block and by bi- and tri-partite interactions between these
factors. Generalized linear model was using to analyse count data and a linear model on the proportion of
infested plants. Whenever the factor Block was not significant, it was removed from the formula and a
(generalized) linear model with the Poisson family was used. Whenever the factor Block was significant, it
was turned into a random factor and a generalized linear mixed model with the Poisson family was used. If
overdispersion of the residues occurs in the latter case, a unique ID was added as a random factor to
eliminate overdispersion; if the overdispersion persists, then a generalized linear mixed model via Penalized
Quasi-Likelihood with the quasi-Poisson family was used. The significance of each term of each model was
tested using a Type Il analysis of variance, which differs based on the model used: F test for linear model,
likelihood-ratio chi-square test for generalized linear model, Wald chi-square test for generalized linear
mixed model and for generalized linear mixed model via PQL. Whenever a term was significant, pairwise
comparisons were performed and p values were corrected using the false discovery rate. Analyses were
performed using R and plotting with the "ggplot” package.

Note: As some data is not yet published, the results are presented as arbitrary units (a.u.).

3.5 Abundance of pests and beneficials in field strawberries in relation to location, production
system and inoculation treatment

We carried out a total of 15 plant canopy observations and arthropod counts (assessments) in two years. In
2022 we conducted 7 assessments (4 in Denmark, 3 in Slovenia) and 8 assessments in 2023 (4 in Denmark
and Slovenia). In Slovenia, 4705 arthropod specimens were counted and included in the data processing in
2022, and 8380 arthropods in 2023 without assessment of plants infested by whiteflies, aphids and mites. In
Denmark, 512 arthropod specimens were counted and included in the data processing in 2022, and 2307
arthropods in 2023 without assessment of plants infested by whiteflies, aphids and mites. In the table below
you can see the table with the observed arthropod taxa (
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Table 4).
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Table 4: List of arthropods observed or caught and counted in the field trials.

Feedin
guild J Class Order Suborder Family Genus & species Vernacular
Phytophagous
Herbivore | Arachnida | Mesostigmata NA NA NA .y phag
mites
Neoseiulus cucumeris,
Mesostigmata Monogynaspida Phytoseiidae Phytoseiul imili
Predator Arachnida ytoseiulus persimiiis Predatory mites
Trombidiformes | Prostigmata Rhagidiidae NA
. . s . . . Two-spotted
Herbivore | Arachnida | Trombidiformes | Prostigmata Tetranychidae Tetranychus urticae ) .
spider mite**
A -
Predator Arachnida ra.rTeae, NA NA NA Spiders,
Opiliones harvestmen
Predator Chilopoda | NA NA NA NA Centipedes
* Collembola | NA NA NA NA Springtails
Predator Insecta Dermaptera Neodermaptera Forficulidae Forficula sp. Earwigs
Aleyrodidae Aleyrodes lonicerae Whiteflies**
Sternorrhyncha Aphis forbesi, Rhodobium
h iph
Aphididae porosum,F aetos:;? on Aphids**
fragaefolli, Macrosiphum
euphorbiae, others
Auchenorrhyncha
NA NA Froghoppers
(Cercopoidea) ghopp
Miridae Lygus sp.
Herbivore Insecta Hemiptera
. Coreus marginatus, Gonocerus
Coreidae
acuteangulatus
Dolycoris baccarum, Nezara
. . Phytophagous
Heteroptera X viridula, Palomena prasina,
Pentatomidae ) heteropterans
Eurydema ventralis, Eurydema
oleracea
Rhyparochromidae | Rhyparochromus vulgaris
Rhopalidae Corizus hyoscyami
Minute pirate
Anthocoridae Orius sp. P
bugs
Mirid Deraeocoris lutescens, Capsid/grass
Predator Insecta Hemiptera Heteroptera Iridae Deraeocoris sp. bugs
Nabidae Himacerus sp., Nabis sp. Damsel bugs
Pentatomidae Zicrona caerulea Shield bugs
Herbivore Insecta Thysanoptera Terebrantia NA NA Thrips
Noctuidae, .
Herbivore Insecta Lepidoptera Glossata oc l,“, ae NA Caterpillars
Tortricidae
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Feedin
guild = Class Order Suborder Family Genus & species Vernacular
Competitor | Insecta Hymenoptera Apocrita Formicidae NA Ants
Parasitoid Insecta Hymenoptera Apocrita NA NA Aphid mummies
Parasitoid Insecta Hymenoptera Apocrita NA NA Other parasitoids
Predator Insecta Hymenoptera Apocrita Vespidae Vespula sp. Wasps
Api llifera, Bomb Y Bumble-, h -
Pollinator Insecta Hymenoptera Apocrita Apidae pis mellifera, Bombus sp um e honey
others solitary bees
Predator Insecta Coleoptera Adephaga Carabidae Amara sp. Ground beetles
*Ex Insecta Coleoptera Adephaga Carabidae Harpalus rufipes Ground beetles
Predator Insecta Coleoptera Polyphaga Staphylinidae NA Rove beetles
. L . Strawberry
Herbivore Insecta Coleoptera Polyphaga Curculionidae Anthonomus rubi )
blossom weevil
Phyllobius spp., Oblongus sp., .
Herbivore Insecta Coleoptera Polyphaga Curculionidae ot;lers s Spp gus sp Other weevils
Predator Insecta Coleoptera Polyphaga Cantharidae NA Soldier beetles
Predator Insecta Coleoptera Polyphaga Coccinellidae NA Ladybirds (adults)
L Scymnus sp., Coccinella sp., R
Predator Insecta Coleoptera Polyphaga Coccinellidae others Ladybirds (larvae)
Herbivore | Insecta Coleoptera Polyphaga Nitidulidae Epuraea sp. Sap beetles
Fkkx Insecta Diptera Brachycera Empididae cf. Empis sp. Dance flies
. . Hoverflies
Predator Insecta Diptera Brachycera Syrphidae NA
(larvae)
. . . Hoverflies
Pollinator Insecta Diptera Brachycera Syrphidae NA
(adults)
Pollinator Insecta Diptera Brachycera Stratiomydae Chloromyia sp. Soldier flies
Predator Insecta Diptera Brachycera Asilidae NA Robber flies
Lacewings (egg,
Predator Insecta Neuroptera Hemerobiiformia Chrysopidae NA gs (egg
larva, adult)

* We have not categorised Collembola into a feeding guild, as they can be decomposers, carnivores, fungivores, herbivores, etc. (Rusek 1998);

** Two-spotted spider mite, Whiteflies & Aphids are included in the category "Infested plants (%): number of plants infested by whiteflies, aphids
and mites per plot";

*** We excluded Harpalus rufipes (only 1 specimen in 2023 in Slovenia) from the feeding categories, as it is considered a mixophytophage in the
literature and is considered a pest by some (Avtaeva et al. (2021)) and a beneficial insect by others (Loughridge & Luff (1983), El-Danasoury et al.
(2017), Solomon et al. (2001));

**** We excluded Empididae from any group, because adults can be predators, nectar feeders or mixed (Chvala 1995).

Number of pollinators (i.e. hoverfly adult, honeybee, solitary bee, and others) was significantly influenced by
Location, Treatment and the interaction Location:Production system. Fewest pollinators were observed in
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organic production (ORG) in Denmark, and the most in ORG production in Slovenia. The opposite trend was
observed regarding the production system: in Denmark, integrated production (IPM) field harboured more
pollinators compared to ORG field, whereas in Slovenia the opposite was found.

Number of parasitoids (i.e. aphid mummies and parasitoid wasps) was significantly influenced by Location
and Production system, but nothing was significant after pairwise comparison post-tests. More parasitoids
were counted in Slovenia compared to Denmark. The most parasitoids were counted in Slovenian IPM field
and the least in Danish ORG field.

Number of predators (i.e. predatory mite, spider, ladybug adult and larva, hoverfly larva, and others) was
influenced by Location (higher in Slovenia than in Denmark), Production system (higher in ORG than in IPM),
and interactions Location:Production system (higher in ORG than in IPM in Slovenia, while both were similar
and had lower counts in Denmark) and Location:Treatment (M. brunneum increased the number of predators
in Slovenia but decreased predator numbers in Denmark).

The same numerical trends as the number of predators were observed and results of statistical analyses
obtained for categories Number of natural enemies (i.e. parasitoids and predators) and Beneficials (i.e.
pollinators, parasitoids and predators) (Figure 16).
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Figure 16: Total abundance of beneficial arthropods monitored in 2022 and 2023. Uppercase black letters indicate
significant differences between location (Denmark, Slovenia) and production system (integrated pest management,

organic), while lowercase coloured letters indicate significant differences between location and treatment. “ns

for not significant. N = 6 plots per treatment, production system and location.
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Number of herbivores (i.e. weevils, thrips, caterpillars, pest bugs and others) was significantly influenced by
Location (more herbivores counted in Slovenia than in Denmark), Production system (higher in ORG than in
IPM), and interaction Location: Production system (higher in ORG than IPM in Slovenia; the exact same trend
was observed in Denmark, but with significantly lower count than Slovenia) (Figure 17).

Proportion of infested plants (i.e. by aphids, whiteflies and/or herbivorous mites) was influenced by Location
(higher in Slovenia than in Denmark), Production system (higher in IPM than in ORG) and interaction
Location:Production system (higher in IPM compared to ORG in Slovenia, while both were similar and had
lower counts in Denmark).

Number of competitors (i.e. Formicidae) was assessed only in Slovenia and was significantly influenced by
Production system (higher in IPM than in ORG).

Pest arthropods over a 2-year field experiment

Denmark | | Slovenia
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Figure 17: Total abundance of pest arthropods monitored in 2022 and 2023 in Denmark and Slovenia. Infested plants
refer to proportion of strawberry plant canopies infested with herbivorous mites, aphids and/or whiteflies. Competitors
refer to Formicidae, which have a mutualistic relationship with aphids, and therefore are in a competition or even
antagonistic relationships with pest natural enemies. Uppercase black letters indicate significant differences between
location (Denmark, Slovenia) and production system (integrated pest management, organic). “NA” stands for not
acquired. N = 6 plots per treatment, production system and location.
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Number of all arthropods (i.e. sum of pollinators, parasitoids, predators and herbivores) was significantly
influenced by Location (more herbivores counted in Slovenia than in Denmark), Production system (higher in
ORG than in IPM in both countries), and interaction Location:Production system (higher in ORG than IPM in
Slovenia; the exact same trend was observed in Denmark but with significantly lower counts than Slovenia)
(Figure 18).

All arthropods over a 2-year field experiment
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Figure 18: Abundance of all arthropods (i.e. sum of pollinators, parasitoids, predators and herbivores) caught or
observed in 2022 and 2023 in Denmark and Slovenia. Uppercase black letters indicate significant differences between
location (Denmark, Slovenia) and production system (integrated pest management, organic). N = 6 plots per
treatment, production system and location.

A significant positive correlation was observed between the number of both pollinators and natural enemies
and herbivores (phytophagous arthropods), strongly driven by the Location (Slovenia and Denmark),
regardless of the production system (IPM and ORG). In contrast, a significant negative correlation was
observed between natural enemies and competitors (i.e. Formicidae) in Slovenia, strongly driven by the
production system (IPM and ORG; Figure 19).
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Correlations between pollinators and phytophagous arthropods
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Figure 19: Correlation between the number of pollinators / natural enemies and herbivores (phytophagous arthropods)
in Slovenia and Denmark (top two graphs), and between competitors and natural enemies (i.e. Formicidae) in Slovenia
(bottom graph).

3.6 Conclusions of strawberry field trials performed in Slovenia and Denmark

Commencing with a detailed description of the soil deployed bio-inocula effects, it becomes apparent that
their impact is rather limited. This explicit acknowledgment lays the groundwork for a deeper exploration
into potential enhancements or alternative strategies to achieve more substantial outcomes, for example
searching for alternative physical deployment strategies, further exploration of the formulation technologies,
altering the inoculation time schedule, exploring the possibilities of performing the soil bio-inoculation in
different seasons, etc.

Among the different applied bio-inocula, Metarhizium brunneum had the most influence, especially in
promoting predators within the agricultural ecosystem. This phenomenon is particularly noticeable in organic
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farming systems (ORG), where there is a conspicuous presence of aphid/whitefly-eating predators. It's worth
noting that these predators don't target mites, as there were either no or very few instances of mite
infestations observed in this context. The dynamics at play in organic field suggest a complex interplay
between M. brunneum, herbivores, and the broader ecological balance. The increased abundance of
aphid/whitefly-eating predators in organic field might even be attributed to the higher prevalence of
herbivores in this environment. Aphids and whiteflies are more likely to develop large populations in
protected settings, which may explain their higher abundance in Slovenia vs. Denmark, with tunnel vs. open
field. Interestingly, despite the increased herbivore population, there are fewer instances of plant
infestations. This paradoxical observation raises questions about the mechanisms at play and the complex
relationships between M. brunneum, herbivores, predators and plant health. Moreover, while it promotes
predators, M. brunneum seems to have no effect on the pollinators and parasitoids. In our field experiment,
the bio-inocula were applied in the soil and not as a foliar spray, which means that pollinators and parasitoids
were most likely never in direct contact with M. brunneum as they are flying insects. Among the monitored
predators were flying insects (e.g. ladybugs, wasps, robber flies) but also arthropods that live on the soil or
low in the plant canopy (e.g. spiders, centipedes, ground and rove beetles); and the latter group might have
been in direct contact with M. brunneum.

Interestingly, when examining the impact of M. brunneum on aphids and whiteflies, no significant effects
were observed. This aligns with findings from a parallel investigation within Work Package 2.3 (WP2.3) and
corroborates results from field studies conducted by Canassa et al. (2020b) in Brazil involving M. robertsii, as
well as those by Clifton et al. (2018) in the US. The collective evidence suggests a consistent pattern of limited
influence by Metarhizium on aphids and whiteflies, reinforcing the need to delve deeper into the nuanced
dynamics of these interactions.

The intricate dynamics between M. brunneum, herbivores, and predators underscore the complexity of
agricultural ecosystems. The promotion of aphid/whitefly-eating predators in the presence of M. brunneum,
coupled with the nuanced effects on aphids and whiteflies, adds layers to our understanding of the ecological
interactions at play.

There are significantly more arthropods in Slovenia compared to Denmark. The disparity in arthropod
populations between Slovenia and Denmark raises intriguing questions about the factors influencing these
regional differences. Further investigation into the specific arthropod communities in each area is essential
for tailoring targeted pest management strategies and fostering biodiversity in distinct agroecosystems.

Both countries differ in term of geography: they are located at different latitudes (north Europe for Denmark
and southern part of central Europe for Slovenia) and they have different elevations above sea levels (24 m
vs 300 m), inducing different climates. Slovenia is characterized by higher air temperature, precipitation and
hours of sunshine but lower humidity than Denmark (https://www.worlddata.info/). Climate can in turn play
a role in shaping arthropod communities: in our study, number of predators was positively correlated to air
temperature and the total number of arthropods was negatively correlated to wind (data not shown).

Another reason for the difference between the arthropods of both countries could be the influence of the
surrounding cultural landscape. The type and number of surrounding habitats at the landscape level may
influence the number of species and individuals of arthropods colonizing the studied habitats. The vegetation
surrounding the strawberry fields could act as the main source of organisms, leading to higher species
diversity and abundance of arthropods as well as an increase in ecological processes (Doehler et al., 2023).
The landscape surrounding the trials was very different in Slovenia and Denmark: the Slovenia trials were


https://www.worlddata.info/
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held in an experimental station where different berry crops and other fruit species were grown, and the
entire experimental orchard is on one side surrounded by forest and on other three sides by meadows. On
the other hand, the Danish trials took place in commercial farms in an agricultural landscape of cereal crops.
Moreover, an agricultural landscape is usually associated with the absence of hedges and of forest close by,
which corresponds to a lack of habitats for beneficial arthropods. This suggests that trials in Slovenia had a
higher plant and habitats diversity than Denmark, which would attract more but also different arthropods.

Organic agriculture seems to promote arthropod abundance and diversity: the higher prevalence of
arthropods in organic (ORG) fields in both Slovenia and Denmark highlights the potential of organic
agricultural practices to enhance arthropod abundance and diversity. This observation underscores the
ecological advantages associated with organic farming, where reduced synthetic pesticide usage creates a
more favourable environment for diverse arthropod populations. The increased abundance of both
herbivores and beneficial arthropods in organic fields compared to integrated pest management (IPM) fields
aligns with the ecological principle that minimizing synthetic pesticide use supports diverse arthropod
populations. However, the paradoxical finding in Slovenian organic fields, where despite more natural
enemies and herbivores, there are fewer instances of mite, whitefly, or aphid infestations, prompts a deeper
exploration of the nuanced ecological mechanisms at play. The lower incidence of mite, whitefly, and aphid
infestations in Slovenian organic fields suggests the influence of convoluted ecological interactions. Potential
factors include the presence of effective and specific natural enemies or environmental conditions less
conducive to sucking pest proliferation. Unravelling these specific mechanisms is critical for a comprehensive
understanding of pest dynamics in organic farming systems.

The observed correlations within the ecosystem shed light on the intricate relationships between different
components. An interesting trend emerges: higher herbivore populations coincide with increased numbers
of both pollinators and natural enemies. This correlation hints at a potential ecological strategy where the
presence of herbivores triggers a cascade of responses, attracting pollinators for plant reproduction and
natural enemies to control herbivore populations. The effect of pollinator attraction could be determined by
assessing whether their abundance is correlated to the data obtained within WP3, such as the plant blooming
intensity or the fruit yield. Unravelling the underlying mechanisms of this ecological web could provide
valuable insights into the complex balance of this specific agroecosystem.

On a different note, the presence of ants in the ecosystem appears to have a contrasting effect. In
environments with a higher abundance of ants, there is a noticeable reduction in the population of predators.
This inverse relationship suggests a potential interference by ants in the activities of natural enemies, possibly
through protective mechanisms or disruptions in the foraging behaviour of predators. Understanding the
specific interactions between ants and predators could offer insights into optimizing pest control strategies
and fostering a more balanced and resilient agricultural ecosystem.

The correlations observed, such as the positive relationship between herbivores, pollinators, and natural
enemies, provide valuable cues for further exploration. Additionally, the contrasting impact of ants on
predator populations highlights the need for a comprehensive understanding of the various components
shaping the ecological balance in agricultural settings. Further research in this domain holds the key to
developing sustainable and effective strategies for pest management while fostering a resilient and
biodiverse agricultural environment.



*

D5.2 Report on bio-inoculant effects on plant biotic

EXCAL] BUR interactions aboveground

Rev. 2 / Date: 27/02/2024

4. Deliverable 5.2 conclusions

The results of greenhouse experiments have shown that the induction of insect resistance against two-

spotted

spider mites by bio-inocula, and thus the biocontrol efficiency, was context-dependant.

The inoculation method used to apply bio-inocula influenced the extent to which these bio-inocula
induced resistance to arthropod pests. Notably, direct application of one of the M. brunneum strains
to strawberry foliage enhanced pest resistance, whereas application through soil inoculation, i.e.,
indirect effects of this fungal strain mediated by the plant, decreased pest resistance compared to
control plants (2.4). On the other hand, when non-direct application methods were compared (seed
treatment, soil drenching and the combination of both) consistent beneficial effects on induced
resistance were observed (2.1).

Dual- and tri-strain inoculations using different fungal species showed that insect resistance could
either be increased or nullified by adding more strains, depending on the applied combination of
fungi. Specifically, synergistic effects between two fungi could be nullified by introducing a third one,
even when this third species had a synergistic effect with one of them. However, overall it was
observed that AMF formed a good synergistic combination when combined with just one other
fungus (2.2).

Interactions between fungal bio-inocula and resident soil microbial communities affected the level
of bio-inoculum-induced resistance, depending on whether the bio-inoculum was in direct contact
with the soil microorganisms or not and on the bio-inoculum type. Overall, interactions with resident
soil microbes reduced the efficacy of inoculum-induced resistance (2.3 and 2.5). This was observed
both, not only when resident soil microbes directly interacted with the inoculum in the soil, but also
when they occurred in separate root compartments. The latter indicates that part of the mitigating
effect of resident soil microbes is mediated by the plant.

In contrast to the consistent beneficial effects of inoculations with M. brunneum KIS 1868 on pest
resistance (2.1, 2.2, 2.3), inoculation with C. rosea tended to be beneficial for the insect population
(2.3 and 2.5). This may reflect a trade-off between effects of this bio-inoculant on resistance against
pathogens and arthropod pests.

In some cases, the effect of the same strain of a bio-inoculant had opposite effects on pest resistance
in different crop cultivars (2.4), calling for tailored applications.

The observed differences in arthropod populations monitored in the fields between Slovenia and Denmark,

as well

as within different agricultural management systems, underscore the complexity of ecological

interactions in agroecosystems. The promotion of arthropod abundance and diversity in organic fields

suggests the potential benefits of sustainable farming practices. However, the nuanced relationship between
herbivores, beneficials, and pest infestations invites further investigation to unravel the underlying ecological
mechanisms shaping pest dynamics in diverse agricultural landscapes.

e The

impact of the soil deployed bio-inocula was limited. In straightforward terms, their effectiveness was

constrained, indicating the necessity for alternative physical deployment strategies, further exploration
of the formulation technologies, altering the inoculation schedule or season, etc.

e The
the
e The

influence of Metarhizium brunneum on predators may depend on the habitat (i.e. soil vs canopy) of
monitored predators and on their mobility (i.e. crawling vs flying).
location was the factor that drove the arthropod community the most, with a higher arthropod

abundance observed in Slovenia compared to Denmark. This is possibly due to a difference of geography

and

climate, experimental setup, surrounding vegetation or landscape type and structure.
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e Agricultural management strongly influences arthropods, with the absence of chemical inputs that
promotes arthropod diversity and abundance in the organic trials, compared to integrated trials.

Ideally, results produced in greenhouse experiments should be reproduced in field conditions. However,
reality is often different as limitations are encountered when moving from greenhouse to field and both
consistent and inconsistent results between greenhouse and field experiments can be obtained.

o Testingall the different treatments from the greenhouse in the field would be unfeasible without strongly
reducing the number of replicates, but this would most probably result in not powerful enough
‘statistical’ strength. Therefore, we could not field-test the combinations of AMF with M. brunneum and
C. rosea.

e The tunnel experiment described in D2.3 showed that M. brunneum had an insignificant effect on aphid
population in the strawberry canopy, which is similar to the finding that it had no effect on the proportion
of (aphid-) infested plants in the field.

e  While C. rosea could decrease spider mite population on Clery strawberry plants in lab conditions or M.
brunneum increase it on Faith strawberry plants, both had unfortunately no effect on the number of
herbivores and the proportion of infested plants, once tested in the field.

e The transition from greenhouse to field involves many changes (Sessitsch et al., 2019): uncontrollable
yet measurable variables (i.e. climate, pedology); bio-inocula (formulation, colonization of a more
complex habitat); scale —in term of space (i.e. a plant as a replicate unit to a plot containing 40 plants)
and of time (i.e. days or weeks between the beginning and end of an experiment to months or year
between treatment application and monitoring). Several months were the time intervals between the
application of bio-inocula in the fields and the beginning of arthropod monitoring (12 months for the first
application and 1-2 months for the second). Therefore, an explanation for the small effect of the
treatment on the arthropods is that our bio-inocula in the fields grew weak or disappeared over time.
The question of the bio-inocula fate in the soil is the focus of WP5.4, which aims at determining whether
the bio-inocula can persist in the soil for some time after inoculation and at quantifying it, while the
interaction between the bio-inocula and soil microbial communities is studied within WP4, which could
indicate whether mutualistic or antagonistic interaction occurs.
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