Tripartite interactions between
Brassica oleracea, soil microbes,
and shoot- and root feeding insects

Julia Friman




Propositions

. Recruitment of plant rhizosphere microbes in response to
aboveground herbivory is a type of indirect plant defense.
(this thesis)

. The protective effect from rhizobacteria on plants depends on the
attacking insect species.
(this thesis)

. Independent researchers do not exist.

. Scientific referencing resembles casting votes at the Eurovision song
contest.

. The societal benefit of research is not a matter of costs and benefits.

. The Corona pandemic shows that we underestimate the ability of
older people to adapt to new digital and societal solutions.

Propositions belonging to the thesis entitled:
“Tripartite interactions between Brassica oleracea, soil microbes
>

and shoot- and root feeding insects’

Julia Friman, Wageningen, 28 June 2021



Tripartite interactions between Brassica
oleracea, soil microbes and shoot- and
root feeding insects

Julia Friman



Thesis committee

Promotors
Prof. Dr Joop J. A. van Loon
Personal chair at the Laboratory of Entomology

Wageningen University & Research

Prof. Dr Marcel Dicke
Professor of Entomology

Wageningen University & Research

Other members

Prof. Dr G.H.J. Kema, Wageningen University & Research

Dr L. Caarls, Wageningen University & Research

Dr V. Cordovez da Cunha, Netherlands Institute of Ecology, Wageningen
Dr S. Coolen, Radboud University, Nijmegen

This research was conducted under the auspices of the Graduate School Experimental Plant

Sciences



Tripartite interactions between Brassica
oleracea, soil microbes and shoot- and
root feeding insects

Julia Friman

Thesis
submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus,
Prof. Dr A.P.J. Mol,
in the presence of the
Thesis Committee appointed by the Academic Board

to be defended in public
on Monday 28 June 2021

at 11 am. in the Aula.



Julia Friman

Tripartite interactions between Brassica oleracea, soil microbes and shoot- and root feeding

insects,

168 pages.

PhD thesis, Wageningen University, Wageningen, the Netherlands (2021)

With references, with summaries in English, Dutch and Swedish

ISBN: 978-94-6395-802-8
DOIL: https://doi.org/10.18174/546148



15

37

55

69

87

117

129
147
159
163
164
165

Table of contents

Chapter 1
General introduction

Chapter 2

Insect - plant - microbe interactions: plant-
mediated interactions between rhizobacteria and
herbivorous insects

Chapter 3

Differential effects of the rhizobacterium
Pseudomonas simiae on above- and below-
ground chewing insect herbivores

Chapter 4

Does seed treatment with Pseudomonas simiae
rhizobacteria promote cabbage plant growth and
insect herbivore performance?

Chapter 5

Rhizobacterial inoculation enhances plant
growth and reduces leaf feeding during dual
infestation with a leaf and a root herbivore

Chapter 6

Shoot and root insect herbivory change the plant
rhizosphere microbiome and affect cabbage-
insect interactions through plant-soil feedback

Chapter 7
General discussion

References
Summary
Acknowledgements
Publication list
About the author
Education statement



: ‘% 5‘%



/)

‘J ‘J C
\J \J‘ :
f \J ‘J C

\%*‘



Plants interact with a vast
number of species (Schoonhoven
et al., 2005; Stam et al., 2014),
and through growth, they can
modify their environment and
influence the plant-associated
species. Along the plant root
alone, plants interact with and
modify composition of tens of
thousands of soil microbial
species (Berg & Smalla, 2009;
Yuan et al., 2015a). This
complex microbial community is
crucial for plant health
(Berendsen al., 2012).
Furthermore, specific soil
bacteria inhabiting the
rhizosphere can colonize the
plant root (Muci et al., 2012;
Pieterse et al., 2014; Yuan et al.,
2015b). These so-called
rhizobacteria may benefit the
plant as symbionts in several
ways. In sufficient densities, the
root bacteria can stimulate plant
growth (Pieterse et al., 2012)
through mechanisms such as
improving plant nutrient access
and uptake (Hayat et al., 2010).
The rhizobacteria can also

et

Cultivar A cultivated plant variety
Endophyte A npn-pathogemc organism living
inside a plant
. A non-pathogenic organism living
Bz on the surface of a plant
Exudate Secreted substance
Genotype An individual’s genetic make-up
. .. In a situation where only known
Gnofobionc microbes are present
Induced Systemic Resistance
ISR resulting from interaction of a
plant’s roots with non-pathogenic
rhizobacteria
Pathogen A disease causing organism
PGPR Pla_mt growt_h promoting
rhizobacteria
The set of characteristics of an
Phenotype individual caused by its genotype
in interaction with environmental
effects
PSF Plant-soil feedback
Rhizo- Root-associated

Rhizosphere

A narrow zone around the root
that is influenced by root exudates

Siderophore

A small molecule with high iron
affinity, used to transport iron into
the oraanism

Variety

A group selected from a species,
distinguished by common
characteristics

influence the plant defense strategies such as resistance and tolerance,
preparing the plant’s defensive system for future attacks (Pieterse et al.,

2014).

Rhizobacteria and systemic resistance against insects

Plant defense consists of constitutive and induced defenses. The
induced defenses are regulated through a complex phytohormonal
network. While many phytohormones are involved in plant defense, there
are three main phytohormonal regulators: salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET). These compounds and their derivatives are
upregulated during an attack by insects or pathogens, which leads to
increased production of defensive compounds as well as defensive
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structures (Howe & Jander, 2008; Kariyat et al., 2017). The
phytohormones are upregulated differently depending on how the insect
attacks the plant. Jasmonic acid production, often associated with
ethylene, is upregulated when the plant is attacked by an insect that
chews on the plant. Insects that instead feed from the plant’s sap streams
through a stylet, generally upregulate salicylic acid (Erb et al., 2012b).

Plant defense can be primed against a broad range of attackers by
some specific rhizobacteria (Pieterse et al., 2014; Tsukanova et al.,
2017). This priming, termed induced systemic resistance (ISR), is a state
of ‘preparedness’, and can be compared to an insurance for the plant. The
priming is hypothesized to cost the plant some initial resources, but will
enable quicker upregulation of defense and thereby reduce the negative
consequences of an attack (Conrath et al., 2006; Conrath, 2011;
Martinez-Medina et al., 2016). Interestingly, the rhizobacterially
associated priming may last over plant generations through epigenetic
changes in the plant genome (Pastor et al., 2013).

Rhizobacterially primed ISR was shown to be effective against
many pathogens and some insects via plant-mediated responses
(Raaijmakers et al., 2009; Pineda et al., 2010; Rybakova et al., 2017).
However, previous research shows that rhizobacterial colonization and
priming does not always work to the plant’'s advantage. For chewing
insects, the rhizobacterial colonization can have a negative effect on the
insect via plant-mediated effects (Badri et al., 2013), yet there are
examples of positive effects on insect performance as well (Dean et al.,
2014). Meanwhile, insects that feed on the plant’s phloem may benefit
from by rhizobacterial colonization. Some studies indicate an improved
performance of piercing-sucking insects, when feeding on rhizobacterially
colonized plants (Pineda et al., 2012; Shavit et al., 2013). The existing
literature mainly focuses on rhizobacterial plant growth promotion. In
contrast, less is known of the rhizobacterial effect on insect herbivores
(Pineda et al., 2010).

Rhizobacteria in agriculture

The effectiveness of employing rhizobacteria in agriculture as
stimulators for plant growth and plant defense depends on successful
bacterial root colonization, where dissemination is an important part. How
and when to add the microbes to the crop’s roots, to steer the microbiome
to obtain a higher yield, are still not fully resolved. After a one-time
application of a bacterial suspension alone, the number of rhizobacteria
may rapidly decrease, possibly because the introduced bacteria have to
compete with the native bacteria present in the soil (Bashan et al., 2014).
An application like this may give unpredictable results in terms of yield.
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By utilizing a carrier, the bacteria may have shelter and protection (Taylor
et al., 1998; Wright et al., 2017; Rocha et al., 2019). The carrier can be
a seed coat, granules or similar. The carrier could also be the seed itself.
Application of bacteria directly on the seed is possible through a method
called seed bio-priming (O'Callaghan, 2016). The method is relatively
inexpensive compared to other methods such as seed coating, and can
be done by the grower in-house. Seed bio-priming has shown to promote
plant growth (Abuamsha et al., 2011b). Yet, this method has rarely been
investigated in terms of plant resistance against insects.

Bacterial communities over time

A plant can modify the soil microbial species composition through
growth, and these modifications can also affect plants growing
subsequently in the same soil (van der Putten et al., 2013; Lekberg et al.,
2018). This ‘legacy’ effect on plants is a mechanism termed plant-soil
feedback (PSF). Plant-soil feedbacks originating from plants acting upon
a plant of the same species is referred to as conspecific. A positive plant-
soil feedback improves the performance of conspecifics by making the soil
environment more suitable, whereas a negative feedback lowers the
suitability of the soil environment to conspecific plants.

Plants that are under attack by insect herbivores modify their soil
microbiome composition, which can affect future plants growing in the
same soil, which in turn can affect future herbivores feeding on these
future plants (Kostenko et al., 2012). As these feedbacks are mediated
through the soil microbiome (Hu et al., 2018; Bennett & Klironomos,
2019; De Long et al., 2019), addition of a rhizobacterium could influence
a future generation plant’s growth and defense. Yet, knowledge is lacking
on PSF effects coming from attack by herbivorous insects on plants, and
how these interactions can be modified by rhizobacterial addition.

Main objective and research questions

The main objective of this thesis is to increase our understanding
of plant growth and defense via rhizobacterial modifications. I focus on
plant resistance against insects during different types of rhizobacterial
inoculations by asking the following questions:

1. What are the effects of rhizobacteria on the performance of
Brassica-associated herbivorous insects, and to what extent can
these effects be explained by gene expression of defense signaling
pathways and leaf chemistry?
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2. How does applying beneficial rhizobacteria according to the seed
bio-priming method lead to suppression of herbivore damage and
promotion of plant growth compared to adding bacteria to the soil?
3. What are the effects of adding rhizobacteria on plant resistance
when both an aboveground and belowground insect herbivore are
feeding simultaneously on cabbage plants?

4. How does plant-soil-feedback affect the performance of a
belowground insect herbivore, when soil is preconditioned with
plants attacked by Brassica-associated herbivorous insects?

Study system

Diamondback mo;ﬁ ’
Cabbage moth

Plutella xylostella .
Mamestra brassicae

Cabbage root fly )
Delia radicum ;‘: Brassica oleracea

-

Pseudomonas

simiae WCS417r %

Figure 1 Model system used in this thesis.

To study the plant-mediated interactions between rhizobacteria
and insect herbivores using different rhizobacterial inoculation methods,
I use Brassica oleracea variety gemmifera cultivar Cyrus and variety
capitata cultivar Christmas Drumhead (Fig. 1). Cultivated Brassica
oleracea descends from wild cabbage native to western Europe. The
genus Brassica is extensively used in agriculture and is well-known in the
literature, with knowledge ranging from ecology to genetics and from
fundamental to applied aspects. Nevertheless, the effect of rhizobacteria
on cabbage growth and the associated insect herbivore response has not
yet been explored.

Among the most important B. oleracea pest herbivores are the leaf
chewers Diamondback moth, Plutella xylostella L. (Lepidoptera:
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Plutellidae), the Cabbage moth Mamestra brassicae L. (Lepidoptera:
Noctuidae) and the root chewer Cabbage root fly, Delia radicum L.
(Diptera: Anthomyiidae). Plutella xylostella is a specialist herbivore on
brassicaceous plants (Talekar & Shelton, 1993; Furlong et al., 2013). The
lifecycle is around two weeks at 20°C, with four larval instars where the
first larval instar is a leaf miner. The larvae can wriggle intensely when
disturbed, and spin silk that attaches the larvae to the leaf, and which can
be used to escape predators. The adult moth is colored grey and brown
with a diamond-shaped pattern on the wings. The adult can migrate long
distances. Continuous use of insecticide in agriculture has increased the
resistance of the species towards pesticides, resulting in higher demands
from agriculture to other pest control measures (Furlong et al., 2013).
Mamestra brassicae is a generalist herbivore feeding from at least 70
plant species. The insect has six larval instars, with a four-week life cycle
at 20°C. The larvae have a light stripe along the body, with a dark green
dorsal region, while the adult moths have speckled grey wings. Delia
radicum has been considered a pest insect for more than 180 years
(Schoene, 1916). Female flies lay eggs on the soil near the stem of the
plant, and the larvae then mine into the roots. After around six weeks at
20°C they emerge as flies. There are no reports on the effect of any
rhizobacteria on cabbage root fly to our knowledge.

The rhizobacterium Pseudomonas fluorescens WCS417r was
renamed after sequencing to P. simiae WCS417r (Berendsen et al., 2015).
This epiphytic rhizobacterium was isolated from wheat ( Triticum aestivum
L.) in the Netherlands (Lamers et al., 1988). The strain promotes
Arabidopsis thaliana Heynh. (Brassicaceae) plant growth and defense
(Pieterse et al., 1996; Verhagen et al., 2004; Zamioudis et al., 2013).
Pseudomonas simiae WCS417r does not produce the plant hormone auxin
when grown on agar, but nevertheless stimulates A. thaliana lateral root
development and root hair formation, and subsequently improves plant
growth (Zamioudis et al., 2013). Pseudomonas simiae WCS417r growth
promotion and rhizobacterial priming are two different mechanisms in
Arabidopsis. Inoculation with P. simiae WCS417r shows that A. thaliana
growth promotion is independent from JA and ET signaling, compared to
ISR, which is dependent on intact JA signaling (Zamioudis et al., 2013).
Interestingly, P. simiae WCS417r can produce SA when grown alone on
agar (Ran et al., 2005), but the significance of this feature in soil is not
known (Bakker et al., 2014). Previously work with A. thaliana and P.
simiae WCS417r showed that some insects are affected by inoculation.
Effects of inoculation of A. thaliana with P. simiae WCS417r on Mamestra
brassicae ranged from negative (Pangesti et al., 2017), positive (Pangesti
et al., 2015b; Fernandez de Bobadilla et al., 2017), and either negative
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or positive depending on soil nutrient level (Pangesti et al., 2015a).
Effects of P. simiae WCS417r inoculation via plant-mediated effects on P.
xylostella and D. radicum performance are as yet unknown.

Thesis outline
To study the plant-mediated interactions between rhizobacteria

and insect herbivores during different rhizobacterial inoculation methods
in-depth, I start this thesis with a literature exploration in Chapter 2. In
the following experimental chapters, I narrow the focus to the plant-insect
interactions between Brassica oleracea and various associated insect
herbivores as discussed above, to investigate plant growth and insect
resistance after rhizobacterial colonization.

Chapter 2. This chapter consists of a literature review of rhizobacterial
effects on insect herbivores via plant-mediated effects. The chapter
focusses on an update on the literature on rhizobacteria-plant-insect
interactions. Further, I review bi-directional effects between
rhizobacteria and insects via plant-mediated interactions.

Chapter 3. Chapter 3 focuses on plant growth and resistance in B.
oleracea plants grown in P. simiae WCS417r-inoculated soil, against
associated insect herbivores. In a greenhouse study, I mixed the
bacteria into sterilized soil, sowed sterilized seeds and when grown, the
plants were infested with either D. radicum, P. xylostella or M.
brassicae. I measured plant and insect growth, phytohormonal levels,
plant gene expression and plant growth, and C/N concentration in
leaves.

Chapter 4. In this chapter, I added bacteria to the B. oleracea seeds
according to the bio-priming method, instead of adding rhizobacteria to
the soil prior to sowing. I then infested the grown plants with either D.
radicum, P. xylostella or M. brassicae and measured plant and insect
responses.

Chapter 5. Previous studies on insect herbivore performance after
feeding on a plant with added rhizobacteria, focused on one insect
species feeding on a plant. In chapter 5 I included two insect species
feeding simultaneously, to explore rhizobacterial modifications of plant
resistance under dual attack after rhizobacterial soil inoculation.
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Chapter 6. This chapter explores plant resistance as influenced by
plant-soil feedback. First, soil was conditioned with plants under attack
from different herbivores both above- and belowground, and the root
microbiome was investigated. The conditioned soil was then used to
grow a second set of plants. These plants were infested with D. radicum.
Plant resistance was studied through gene expression and insect
performance.

Chapter 7. Experiments and results presented in this thesis are
discussed here, by comparing and linking the outcomes of each
experimental chapter. I discuss possible factors that influence
rhizobacterial effects on plant defense know from literature, together
with my own findings. I further identify strengths and weaknesses in
this thesis research and suggest future directions in this field of
research.

Acknowledgments
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Abstract

Plants are members of complex communities. They are exposed to
a wide diversity of insect herbivores that are in turn attacked by a wide
diversity of carnivorous enemies. Constitutive and induced plant defenses
prevent herbivore attack or reduce its intensity. Induced defense includes
the attraction of predators or parasitoids to shoot-feeding herbivores, or
entomopathogenic nematodes to root-feeding herbivores.

Microbes in the rhizosphere, especially plant-growth promoting
rhizobacteria (PGPR), influence both direct and indirect induced defense
of plants against insects. These PGPR are supported by plants through
root exudates.

Insect-induced plant defense is regulated by hormonal signal-
transduction pathways. Upon insect herbivory, plant hormone profiles and
subsequently root exudate profiles are altered. Modified root exudation
may influence the community of rhizobacteria that colonize plant root.

Recent studies show that upon aboveground attack by insect
herbivores or plant pathogens, plants may recruit rhizobacteria that
enhance plant defense against the attackers. We review the bidirectional
nature of microbe-plant-insect interactions and focus on the effects of
beneficial rhizobacteria via modification of plant defense traits on insects
as well as the effects of plant defense against insects on the microbiome
in the rhizosphere. Such knowledge will be instrumental for the
development of sustainable crop protection strategies.

Keywords Insect-plant interactions, inducible defense, plant growth
promoting rhizobacteria, PGPR, community ecology
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Introduction

A central issue in ecology is to understand the mechanisms that
shape the dynamics of communities. Plants, as the basis of food webs,
are members of a diverse community that includes microbial and
macrobial species. As a sessile organism, each plant is exposed to mobile
individuals from hundreds of species above- and belowground, with the
most speciose groups consisting of microbes and insects (van der Putten
etal., 2001; Stam et al., 2014; Cordovez et al., 2019). To prevent attack
or limit the impact of being attacked, plants have evolved various
defenses in an evolutionary arms race with their attackers. These
defenses have far-reaching consequences for the plant-associated
community (Ohgushi, 2005; Stam et al., 2014).

Plant defense has long been considered a trait of plants
exclusively. However, it has become clear that enemies of insect
herbivores, such as carnivores, can be a component of plant defense as
well (Price et al., 1980) and that plants can actively recruit carnivores
upon damage by herbivorous insects (Stam et al., 2014; Turlings & Erb,
2018) (Fig. 1, 1). Thus, as a result of defense induction, the modification
of plant phenotype leads to changes in the plant-associated insect
community, which has mostly been studied for aboveground communities
(Ohgushi, 2005; Stam et al., 2014). In addition, communities
belowground, including the microbiome around the roots, may also be an
important component of plant defense (Berendsen et al., 2012; Rasmann
& Turlings, 2016). For instance, plants may recruit soil-borne
entomopathogenic nematodes to their roots upon insect damage
(Rasmann et al., 2005) (Fig. 1, 2). Moreover, soil microbes that assist in
the defense against pathogens or insects may be recruited to the
rhizosphere (Berendsen et al., 2018; Hu et al., 2018) (Fig. 1, 3).
Consequently, plants influence the community of beneficial organisms
aboveground as well as belowground, thus enhancing their defense
against various attackers.

Although plant-insect and plant-microbe interactions have mainly
been studied separately, this is rapidly changing (Pieterse & Dicke, 2007;
Rasmann et al., 2017). Studies of microbe-plant-insect interactions show
that each participant may have major effects on the interactions between
the other organisms. Studies on the effects of microbes initially focused
mainly on effects of individual bacterial species or strains on plant and
insect performance (Hol et al., 2013; Pangesti et al., 2013)
(Supplementary Table S1). The focus is currently changing to considering
the full microbial community (Pineda et al., 2017; Dini-Andreote &
Raaijmakers, 2018; Cordovez et al., 2019). Similarly, studies on the
effects of insect herbivores have long focused on effects of individual

17



species, but now shift to a community approach as well (van Zandt &
Agrawal, 2004; Utsumi et al., 2013; Stam et al., 2014; Poelman &
Kessler, 2016; Ando et al., 2017). Nevertheless, the bidirectional nature
of microbe-plant-insect interactions has received little attention. Here, we
will review current knowledge on the effects of beneficial rhizobacteria via
alterations in plant defense traits on insects as well as the effects of plant
defense against insects on the microbiome in the rhizosphere.

% insect
@, S carnivores
insect

w@% herbivores
-

(,,’;“,3" rhizobacteria

Figure 1 Plants may recruit other organisms that assist them in their defense. 1. Upon
insect herbivory on the shoot, plants produce herbivore-induced volatiles that attract
parasitoids or predators that attack the herbivore (Stam et al., 2014; Turlings & Erb, 2018);
2. Upon insect feeding on the roots, plants may produce herbivore-induced volatiles that
attract entomopathogenic nematodes (Rasmann et al., 2005); 3. Upon insect feeding plants
may recruit rhizobacteria to the rhizosphere (Hu et al., 2018).

Microbial community in the rhizosphere
The rhizosphere, the soil layer directly around the roots that is
influenced by the roots, harbors a daunting number and variety of
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microbes, up to tens of thousands of species. These microbes include
pathogens and synergists that provide a wide diversity of services to
plants (Mendes et al., 2011; Berendsen et al., 2012). Plants and their
rhizosphere microbial community interact extensively.
Beneficial effects on plant growth and defense

Beneficial rhizobacteria, among which Bacillus spp. and
Pseudomonas spp. have been most extensively studied, are characterized
by their effects on plants such as growth promotion, increased nutrient
uptake or enhanced plant defense (Pineda et al., 2010; Pieterse et al.,
2014) and have therefore been termed plant growth-promoting
rhizobacteria (PGPR). PGPR can promote plant growth through various
mechanisms, including upregulation of photosynthesis, regulation of plant
growth hormones or bacterial production of plant hormones or hormonal
precursors (Pineda et al., 2010). Physical contact between plant and
bacteria is not always necessary, as rhizobacterial volatiles alone can
increase chlorophyll and sugar content as well as photosynthetic efficiency
(Ryu et al., 2004; Zhang et al., 2008). Beneficial rhizobacteria and fungi
can also enhance plant resistance to a range of biotic stresses, increase
nutrient uptake and inhibit access of pathogenic bacteria to the
rhizosphere (Pieterse et al., 2014). In real-time behavioral studies,
colonization by Bacillus subtilis was observed to actively exclude
Escherichia coli from the rhizosphere of Arabidopsis thaliana seedlings,
probably via exudations from B. subtilis or the root (Massalha et al.,
2017). Moreover, beneficial rhizobacteria are known to generate changes
in morphological features, such as root architecture, through stimulation
of root hair formation and root elongation (Asari et al., 2017).

Supplemental Table S1 summarizes the effects of rhizobacteria on
herbivorous insects, both directly and via plant-mediated effects as
reported in the literature. Most studies have been conducted with
bacterial strains of the genera Bacillus and Pseudomonas, mainly looking
at effects on aphids and caterpillars. This highlights the need for studies
evaluating rhizobacteria-plant-insect interactions in other systems that
represent the wide microbial and insect diversity in nature. An interesting
aspect is that the different applications such as soil drench, root or seed
dip, can all result in effects on insects.

Root exudation influences rhizosphere community

Plants influence interactions with soil microorganisms through
root-produced exudates that are disseminated into the surrounding soil
(Berendsen et al., 2012; Sharifi & Ryu, 2017). Root exudates can be
released through both passive and active mechanisms (Badri & Vivanco,
2009; Huang, XF et al., 2014). The amount of released exudates varies
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along the root, with the highest levels around the root tip (Sasse et al.,
2018). Substantial information has become available on the many
compounds exuded by roots, including primary metabolites, such as
sugars and amino acids, as well as secondary metabolites, such as
flavonoids, coumarins, glucosinolates, or plant hormones, and the
response of the bacteria to them (Sasse et al., 2018). Interestingly, many
of the compounds found in root exudates are common soil compounds
(Dennis et al., 2010) and most of the root-exudate components are
metabolized by microbes (Berendsen et al., 2012). Root exudates are an
important source of carbon for soil microbes and exudate composition
differs between plant species and even plant cultivars, indicating that
plants support distinct groups of microbes (Smalla et al., 2001; Bulgarelli
et al., 2013).

Bacterial chemotaxis to root exudates

Bacteria are attracted to the rhizoplane through chemotaxis. For
instance, exudates from A. thaliana roots attract B. subtilis (Allard-
Massicotte et al., 2016) to the border region between the root elongation
and early-maturation zones (Massalha et al., 2017). Rice root exudates
attract rhizobacteria (Azospirillum brasilense and Bacillus sp.) (Bacilio-
Jimenez et al., 2003). Furthermore, benzoxazinoids in maize-root
exudates attract Pseudomonas putida (Neal et al., 2012). Root extracts
of banana (Yuan et al., 2015b), tobacco (Wu et al., 2015) and cucumber
(Zhang et al., 2014) have also been reported to attract bacteria. Flagella-
mediated motility is an important characteristic of bacteria to reach the
root (Allard-Massicotte et al., 2016). However, colonization seems to be
possible even without such motility, as experiments with motility-
impaired bacterial mutants still demonstrate colonization capacity
(Maldonado-Gonzalez et al., 2015).

Biofilm formation and quorum sensing

Root colonization by rhizobacteria quickly results in the formation
of a biofilm around the root. After only six hours of contact, B. subtilis
formed a biofilm on A. thaliana roots (Allard-Massicotte et al., 2016). This
biofilm protects the roots against pathogens (Kim & Anderson, 2018). The
event is mediated by extensive plant-bacteria communication, including
the involvement of plant root exudates (Drogue et al., 2012). Biofilm
formation by B. subtilis on A. thaliana roots was promoted by the release
of plant polysaccharides (Beauregard et al., 2013). Microbe-microbe
interactions important for biofilm development are regulated by cell-to-
cell communication signals, diffusible N-acyl-homoserine lactones, which
function as quorum-sensing signals. These signals activate hundreds of
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bacterial genes, including genes involved in biofilm formation, nitrogen
fixation, synthesis of degrading enzymes, exopolysaccharides, and toxins,
as well as motility and conjugation (Hassan & Mathesius, 2012).

Some plants have the ability to produce compounds mimicking
quorum-sensing signals, thus promoting quorum sensing and stimulating
biofilm formation. In contrast, other plants inhibit quorum-sensing signals
(Kan et al., 2017). Furthermore, bulk soil bacteria and rhizobacteria
exhibit different responses to plant exudates. Two strains of the growth-
promoting root colonizer Bacillus mycoides, one a root isolate and the
other a soil isolate, contrasted clearly in gene regulation in response to
potato root exudates (Yi et al., 2017). The density of rhizobacteria needed
to induce plant defense was found to be 10° colony forming units (CFU)
per gram root tissue for Pseudomonas spp. on radish Raphanus sativus
roots (Raaijmakers et al., 1995). However, the surface area on the root
needed for plant defense activation, and how the rhizobacteria interact
with other root colonizers such as mycorrhiza or endophytic bacteria is
largely unknown (Carrion et al., 2019).

Insect community associated with plants

At present about one million insect species have been identified,
of which approximately half consist of herbivores (Schoonhoven et al.,
2005). An individual plant may face the attack of hundreds of insect
species, each of which is attacked by a diversity of carnivorous insects.
Thus, plants are members of a diverse insect community consisting of
species at different trophic levels (Stam et al., 2014). Plants interact with
this community both directly and indirectly (Morris et al., 2007; Rasmann
et al., 2011; Stam et al., 2014; Turlings & Erb, 2018).

Induced plant defense against insects

Plants have diverse defense strategies against herbivorous
insects. These strategies can be categorized into direct and indirect
defenses. Direct defense consists of traits that negatively affect
herbivores, whereas indirect defense involves the promotion of the
effectiveness of natural enemies of herbivores, e.g. through their
attraction or arrestment (Stam et al., 2014). For instance, upon herbivory
brassicaceous plants activate glucosinolate production (direct defense)
(Gols et al., 2008) as well as the emission of a blend of volatiles that
attract natural enemies of the herbivores (Mattiacci et al., 1995). Roots
may also emit herbivore-induced volatiles that attract soil-borne natural
enemies of root-feeding insects such as entomopathogenic nematodes
(Rasmann et al., 2005; van Dam & Bouwmeester, 2016).

21



Such induced plant defenses against herbivorous insects involve
both local and systemic plant traits. Plant hormones regulate induced
defenses (Pieterse et al., 2012; Stam et al., 2014). Two major pathways
involved in regulating induced defenses are the salicylic acid (SA)
pathway and the combined jasmonic acid (JA) - ethylene (ET) pathway
(Pieterse et al., 2012; Verma et al., 2016). Additionally, other hormones
such as abscisic acid (ABA), auxin, cytokines (CK) and gibberellic acid
(GA) may be involved in the regulation of plant responses to biotic
stressors (Pieterse et al., 2012). The feeding mode of the insect herbivore
affects the signaling pathway that is activated: the JA pathway is
generally induced in response to biting-chewing insects, such as
caterpillars or beetle larvae, whereas the SA pathway is especially induced
by piercing-sucking phloem feeders. The phytohormonal signaling
pathways do not function independently from each other. Cross-talk
between them allows plants to fine-tune defense responses (Pieterse et
al., 2012; Verma et al., 2016). As a result of phytohormone induction,
insect herbivory alters a plant’s phenotype species-specifically both locally
and systemically, in terms of physical as well as chemical aspects.

Insect-induced changes in plant phenotype affect rhizobacterial
community
Insect-induced changes in root exudates

One of the phenotypic changes induced by insect herbivory is the
composition of plant root exudates. Maize plants increase their carbon
allocation to roots and root exudates upon feeding by the lubber
grasshopper Romalea guttata (Holland et al., 1996) and Spodoptera
littoralis infestation of maize seedlings increases the release of
benzoxazinoids by the roots (Marti et al., 2013; Hu et al., 2018).
Phytohormonal induction in response to herbivory may underlie root
exudate composition. Root exudation may include the release of
phytohormones into the rhizosphere as has been found for many plant
species (Li et al., 2016b; Kong et al., 2018). After experimental treatment
with plant hormones some rhizobacterial communities changed
(Carvalhais et al., 2014), whereas others remained unchanged
(Santhanam et al., 2014; Liu et al., 2017).

The importance of phytohormonal signaling pathways for root
exudation has been further demonstrated in mutants: A. thaliana mutants
defective in particular defense signaling pathways had a diverging
rhizobacterial community (Kniskern et al., 2007; Hein et al., 2008;
Doornbos et al., 2009; Lebeis et al., 2015). For instance, the A. thaliana
mutants myc2 and med25 which are impaired in the JA-signaling pathway
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had different exudate compositions compared to wild type plants
(Carvalhais et al., 2015).

Moreover, a plant may adjust its exudate depending on the
rhizobacteria present in the rhizosphere, both quantitatively and
qualitatively (Huang, XF et al., 2014). The protein composition in the
exudate secreted from the roots of Medicago sativa and A. thaliana
changed depending on the identity of two rhizosphere bacteria, a
symbiont or a pathogen (De-La-Pena et al., 2008). In conclusion, the
composition of root exudates is influenced by herbivorous insects that
attack the plant. Because root exudates influence microbiome
composition, this suggests that herbivory affects the rhizosphere
microbial community.

Herbivore-induced changes in root-associated microbiome

Indeed, herbivore infestation of plants results in changes in the
root-associated microbiome. Barrelclover, Medicago truncatula, forms
more associations with rhizobia after infestation with S. exigua
caterpillars. In response to attack by the whitefly Bemisia tabaci, pepper
plants were colonized most abundantly by Achromobacter,
Janthinobacterium and Stenotrophomonas rhizobacteria (Kong et al.,
2016). The latter bacterial genus was also found in a study on the
response of A. thaliana to infection by the pathogen Hyaloperonospora
arabidopsidis (Berendsen et al., 2018). Feeding by S. littoralis caterpillars
on maize seedlings influenced the rhizosphere microbiome (Hu et al.,
2018). Interestingly, aboveground and belowground herbivory of ragwort
plants Jacobaea vulgaris differentially influenced soil microbiota,
especially soil fungi (Kostenko et al., 2012). Herbivores may even affect
root-microbe interactions before the herbivores initiate continuous
feeding. In an interesting experiment, the exposure of alder Alnus spp.
plants to woolly alder aphids Prociphilus tessallatus that did not initiate
feeding, resulted in increased nitrogen fixing activity within a day
(Zekveld & Markham, 2011). These effects of herbivory on root-
associated microbes may be mediated by root exudates. Benzoxazinoids
are known to attract Pseudomonas putida to maize roots (Neal et al.,
2012). Enhanced exudation of benzoxazinoids by maize plants in
response to caterpillar feeding on the leaves influenced the rhizosphere
composition of bacteria and fungi; this effect was mediated by the
benzoxazinoid breakdown product 6-methoxy-benzoxazolin-2-one
(MBOA) as was shown by comparing wildtype plants and benzoxazinoid
mutants in combination with complementation of MBOA (Hu et al., 2018).

Even when the total number of rhizobacteria remains the same,
different bacterial groups may be differentially affected by insect-
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herbivory mediated changes in plant phenotype, thus resulting in a
change in community composition (Hu et al., 2018). For instance, the
population density of gram-positive bacteria, but not the total density of
bacteria, on pepper roots Capsicum annuum increased upon feeding by
the whitefly B. tabaci (Yang et al., 2011). Similarly, gram-positive
rhizobacteria increased after feeding by the green peach aphid Myzus
persicae on the shoots of pepper plants (Kim et al., 2016). Single bacterial
strains have been observed to be specifically supported by the plant after
insect attack. The density of the growth-promoting B. subtilis increased
on pepper roots upon infestation by M. persicae (Lee et al., 2012).
Furthermore, pepper roots restructured rhizosphere microbiota
composition after one week of B. tabaci infestation, favoring
Pseudomonadales, such as the genus Pseudomonas (Kong et al., 2016).
The impact of root herbivores is less well studied, but infestation of maize
roots with Western corn rootworm larvae, Diabrotica virgifera virgifera,
resulted in an increase of Acinetobacter calcoaceticus in the rhizosphere
(Dematheis et al., 2012). In conclusion, insect herbivory may alter the
community of the rhizosphere microbiome through changes in root
exudate composition. Because many rhizosphere microbes are known to
affect plant resistance to insect herbivores, the effects of the altered
rhizosphere microbial community on plant defense are an interesting next
step in understanding microbe-plant-insect interactions.

Effects of herbivory-induced changes in rhizobacteria community
on insect herbivores
Plant-mediated effects of rhizobacteria on insect herbivores
Rhizobacteria are known to modulate induced plant defense
through a mechanism called priming. Priming is a phenomenon that does
not result in defense gene upregulation or biosynthesis of defensive
secondary metabolites, but rather triggers a state that allows for a faster
and/or more intense defense response once the attack occurs (Conrath
et al., 2006; Hilker et al., 2016; Martinez-Medina et al., 2016). For
example, after priming, systemic signaling molecules may be pre-
synthesized as conjugates ready to be activated by herbivory (Pastor et
al., 2013). The fitness costs of priming can be lower than activation of
defense upon herbivore attack (van Hulten et al., 2006), the costs of
which can be considerable (Balmer et al., 2015). Rhizobacterial priming
of induced systemic resistance (ISR) is commonly dependent on intact JA
signaling (Pieterse et al., 2014). However, Pseudomonas fluorescens
strain SS101 can mediate ISR via the SA pathway in A. thaliana (van de
Mortel et al., 2012). Rhizobacterially mediated priming of plant defense
has been especially reported for defense against plant pathogens
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(Pieterse et al., 2014; Mauch-Mani et al., 2017), but can also be effective
against insect herbivores (Kim & Felton, 2013; Pangesti et al., 2015a;
Pangesti et al., 2015b; Hilker et al., 2016). Studies on rhizobacterial
priming of defense against insect herbivores are rapidly gaining interest.

Rhizobacterial colonization of plant roots may affect oviposition
preference of insect herbivores. For instance, the European corn borer
moth Ostrinia nubilalis prefers to oviposit on control plants compared to
plants with rhizobacterial colonization (Disi et al., 2018). Rhizobacteria
can also influence feeding herbivores (Pineda et al., 2010). The effect of
rhizobacterial colonization of plant roots on an insect herbivore feeding
on a plant can be both positive and negative. For instance, aphid
performance can be enhanced on plant with rhizobacterial colonization of
the roots (Dean et al., 2009; Pineda et al., 2012; Megali et al., 2014;
Naluyange et al., 2014; Kim et al., 2016), but also negative (Gadhave et
al., 2016a) or neutral effects (Herman et al., 2008; Dean et al., 2014)
have been recorded. Rhizobacterial colonization may suppress whitefly
populations on tomato plants (Murphy et al., 2000; Valenzuela-Soto et
al., 2010) and pepper plants (Chale-Carrillo et al., 2016). In contrast,
whitefly populations increase after rhizobacterial inoculation of tomato
(Shavit et al., 2013). The effects of rhizobacteria on insect herbivores
may be dependent on soil nutrient conditions (Pangesti et al., 2015a).
These data indicate that variation in plant responses occurs.

An interesting study on insect-maize-microbe interactions shows
that changes in rhizosphere microbial communities as a result of feeding
by S. littoralis caterpillars on maize plants enhance plant resistance to S.
littoralis. This effect is mediated by S. littoralis-induced MBOA secretion
by the maize roots and JA signaling in the plant (Hu et al., 2018). This
study is the first to indicate that herbivore-induced changes in the
rhizosphere microbial community feed back to plant resistance against an
insect herbivore. This raises the question whether such feed-back effects
influence the community of insects associated with plants.

Effects of rhizobacteria on the plant-associated insect community

In the context of effects of rhizobacteria on plant resistance to
individual herbivorous insect species, it is interesting to note that a single
rhizobacterium can differentially influence various insect herbivores. For
instance, colonization of A. thaliana roots by Pseudomonas simiae
WCS417r (formerly P. fluorescens WCS417r) results in negative effects
on the performance of the generalist caterpillars S. exigua and Mamestra
brassicae, positive effects on the generalist aphid M. persicae, and neutral
effects on the specialist aphid Brevicoryne brassicae and the specialist
caterpillar Pieris rapae (van Oosten et al., 2008; Pineda et al., 2012;
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Pangesti et al., 2015a) (Fig. 2). This suggests that rhizobacteria influence
the insect herbivore community associated with plants. Rhizobacteria can
also influence tritrophic species interactions via herbivore-induced plant
volatiles (Pineda et al., 2010; Rasmann et al., 2017). These effects also
appear to be species specific. For instance, adding Bacillus spp. to the soil
increases the parasitism rates of the cabbage aphid B. brassicae by the
parasitic wasp Diaeretiella rapae on Brassica oleracea plants, but did not
increase ladybird beetle Coccinella septempunctata and syrphid fly
feeding on the aphids (Gadhave et al., 2016a). In contrast, natural
parasitism levels of cabbage aphid B. brassicae correlate negatively with
the abundance of Bacillus ssp. when broccoli plants are grown in soils with
naturally different amounts of bacteria (Blubaugh et al., 2018).
Pseudomonas simiae WCS417r colonization of A. thaliana roots results in
reduced attraction of the aphid parasitoid Diaeretiella rapae in response
to infestation with the aphid M. persicae, whereas it enhanced attraction
of the parasitoid Microplitis mediator upon feeding damage by M.
brassicae caterpillars (Pineda et al., 2013; Pangesti et al., 2015b) (Fig.
2). Thus, colonization by a single rhizobacterium differentially affects
plant-associated insects at not only the second level but also at the third
trophic level. Part of these effects are caused by modification of herbivore-
induced plant volatile emission as a result of plant-root-microbe
interactions, with consequences for insect behavior (Ballhorn et al.,
2013). In a field experiment, rice plants treated with Pseudomonas
fluorescens exhibited an increase in natural enemies of herbivores,
especially hymenopteran parasitoids and spiders (Commare et al., 2002).
It remains to be investigated what caused this effect.

Altogether, these findings suggest that rhizobacterial colonization
of plant roots may influence the insect community. Investigating this with
a focus on the underlying mechanisms to understand how rhizobacteria
influence insect community processes and the consequences for plant
performance will be important to enhance our understanding of the
ecological effects of herbivory-induced changes on rhizobacteria mediated
effects on the plant-associated insect community.
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Figure 2 Differential effects of the Plant-Growth Promoting Rhizobacterium Pseudomonas
simiae WCS417 on insect herbivores and their parasitoids on the host plant Arabidopsis
thaliana. Green + indicates beneficial effect on insect performance, red - indicates
detrimental effects on insect performance and grey o indicates neutral effects on insect
performance. Figure based on van Oosten et al. (2008); Pineda et al. (2012); Pineda et al.
(2013); Pangesti et al. (2015a); Pangesti et al. (2015b).

Concluding remarks and future perspectives

Plants are known to recruit the enemies of insect herbivores by
emitting herbivore-induced plant volatiles in response to attack (Dicke &
Baldwin, 2010). The present review has presented the emerging view that
plants may also recruit rhizosphere microbes that enhance the plant’s
defense against insect herbivores. Maize plants respond to feeding by S.
littoralis caterpillars with the emission of herbivore-induced root exudate
that alters the rhizosphere microbiome, thus enhancing plant resistance
to the caterpillars in previously undamaged plants (Hu et al., 2018). This
plant-soil feedback is even more complex than indirect plant defense
mediated by herbivore-induced plant volatiles, because it involves a plant
response to the recruited microbes. The ecology of PGPR is a recent field
of research that advances at high pace (Balmer et al., 2015; Sharifi &
Ryu, 2017; Hu et al., 2018; Carrion et al., 2019). With new data showing
that plants may recruit rhizobacteria that contribute to their defense
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(Kostenko et al., 2012; Pineda et al., 2017; Berendsen et al., 2018; Hu
et al., 2018), just like they recruit beneficial entomopathogenic
nematodes belowground or predators and parasitoids aboveground
(Dicke & Baldwin, 2010; Turlings & Erb, 2018), plant defense against
insects appears to be a participatory activity involving selected members
of the associated community.

Initial studies have addressed the plant-mediated effects of
rhizobacteria on insect herbivores and carnivores (Pineda et al., 2010;
Pineda et al., 2013; Pangesti et al., 2015b; Rasmann et al., 2017; Hu et
al., 2018). The first studies show that rhizobacteria differentially affect
members of the plant-associated insect community. So far, that
information is restricted to a limited number of herbivorous and
carnivorous insects. No information is available on such effects of
rhizobacteria on other community members such as pollinators. Gaining
information on this is relevant because pollinators directly contribute to
reproductive success of many plant species (Rusman et al., 2019).
Phenotypic plasticity in plants as a result of interactions with community
members such as insect herbivores may influence pollinator activity and
it is likely that phenotypic plasticity resulting from interactions with
herbivory-induced changes in rhizosphere microbes does so as well.
Indeed, other soil microbiota, such as arbuscular mycorrhizal fungi are
known to affect aboveground flower traits such as number of flowers per
plant, inflorescence size or nectar content with consequences for
pollinator behavior (Gange & Smith, 2005). Investigating whether
herbivory-induced changes in PGPR also influence plant-pollinator
interactions will be important to understand the consequences of plant-
PGPR interactions in the context of herbivory-induced rhizobacteria
recruitment in terms of plant fitness consequences.

In community ecology, dispersal has been implied as one of the
main drivers of community transformation (Dini-Andreote & Raaijmakers,
2018). PGPR may disperse on plant seeds (Truyens et al., 2015; Berg &
Raaijmakers, 2018). There might be a relationship between the seed
microbiome composition and plant pathogen defense (Rybakova et al.,
2017), but it is not yet clear if this extends to defense against insects.
Also, it is not clear how plant attack by insects affects the incorporation
of microbes into the seed of the parent plant, or how herbivory-induced
phenotypic changes impact microbial transfer to the seed. Moreover,
PGPR have been recorded in the gut of the diamondback moth Plutella
xylostella, a specialist insect herbivore, suggesting that insects may also
play a role in bacterial dispersal (Indiragandhi et al., 2008).

Many questions regarding the temporal and spatial dynamics of
herbivore-induced bacterial communities, especially of plants exposed to
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abiotic and biotic stresses still remain unresolved (Berendsen et al., 2012;
Aznar & Dellagi, 2015). Plant developmental stage has been shown to
influence both the insect community and the plant associated
microbiome, but the two factors have not yet been linked.

Overall, new information indicates that plants actively recruit and
retain specific bacterial groups to enhance plant defense. Therefore, the
increase of specific rhizobacteria associated with insect attack might be
regarded as part of the plant’s inducible defense. In this review it has
been shown that the rhizosphere is influenced by individual herbivore
species feeding on a plant. In nature, plants are commonly attacked by a
diversity of insect species (Stam et al., 2014). The effects of multiple
attackers on a single plant interact, e.g. via crosstalk of plant signal-
transduction pathways. This may lead to synergistic and antagonistic
effects on the plant’s phenotype, with consequences for the members of
the associated insect community (Stam et al., 2014). How multiple attack
influences the plant’s effects on the rhizosphere microbiome remains to
be investigated.

As plants are central members of a diverse community including
insects and microbes aboveground and belowground, plant attackers and
their antagonists, plant-mediated interactions are important forces
shaping plant-associated community ecology and influencing plant
performance (Stam et al., 2014). Incorporating bidirectional effects of
beneficial rhizobacteria and herbivorous insects on plant-mediated
interactions within the plant-associated community will increase our
understanding of plant ecology in a community context. Such knowledge
may be used to develop agricultural practices that exploit ecological
interactions to produce crops without input of chemical pesticides.
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Table S1 (next pages) Overview of the effects of individual rhizobacteria on insect
herbivores, both directly and indirectly via plant-mediated effects. Green boxes represent
legume species. Bacterial mixes are displayed as a list in one cell in the column Bacteria.
N/a: Not available. A - indicates a negative effect on the insect through the addition of
bacteria, whereas + indicates a positive effect on the insect.
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Lactobacillus casei
Streptococcus lactis
Saccharomyces spp.
Rhodopseudomonas plastris
Rhodobacter sphacrodes
Streptomyces spp.

Insect Plant Growth Root Bacteria Bacterial Growth |Developm
substrate application ental time
(- indicates
longer
time)
Beet y exigua is thaliana Growth chamber |Agar Pseudomonas fluorescens SS101 Root tip inoculation
Beet armyworm Spodoptera exigua |Cotton Gossypium hirsutum Growth chamber |Soil Bacillus pumilis INR-7 Spore powder
formulation + soil
drench
Beet armyworm Spodoptera exigua |Cotton Gossypium hirsutum | Growth chamber | Soil Bacillus amyloliquefaciens AP-188 Spore powder
Bacillus mojavensisAP-217 formulation + soil
Bacillus solisalsi AP-209 drench
Bacillus amyloliquefaciens AP-218
Beet armyworm Spodoptera exigua |Cotton Gossypium hirsutum Growth chamber |Soil Bacillus amyloliquefaciens AP-136 Spore powder
Bacillus amyloliquefaciens AP-188 formulation + soil
Bacillus amyloliquefaciens AP-219 drench
Bacillus amyloliquefaciens AP-295
Cabbage aphid Brevicoryne brassicae | Arabidopsis thaliana Growth chamber | Soil Pseudomonas (fluorescens) simiae | Mixed into soil +
WCS417
Cabbage aphid Brevicoryne brassicae | Calabrese Brassica oleracea  |Field Field soil Bacillus cereus 8FW Applied on seeds
Cabbage aphid Brevicoryne brassicae |Calabrese Brassica oleracea Field Field soil Bacillus subtilis NRRLB23051 Applied on seeds
Cabbage aphid Brevicoryne brassicae | Calabrese Brassica oleracea Field Field soil Bacillus amyloliquefaciens Applied on seeds
FZB42BGSC10A6
Cabbage aphid Brevicoryne brassicae | Calabrese Brassica oleracea | Growth chamber | Soil Bacillus cereus 8FW Soil drench
Cabbage aphid Brevicoryne brassicae | Calabrese Brassica oleracea | Growth chamber | Soil Bacillus subtilis NRRLB23051 Soil drench
Cabbage aphid Brevicoryne brassicae | Calabrese Brassica oleracea | Growth chamber | Soil Bacillus amyloliquefaciens Soil drench
FZB42BGSC10A6
Cabbage looper Trichoplusia ni Arabidopsis thaliana Growth chamber |Field soil Natural microbiome Soil drench N/a N/a
Cabbage moth Mamestra brassicae | Arabidopsis thaliana Growth chamber | Soil/sand Pseudomonas (fluorescens) simiae | Mixed into soil +
WCs417
Cabbage moth Mamestra brassicae | Arabidopsis thaliana Growth chamber |Soil/sand Pseudomonas (fluorescens) simiae | Mixed into soil -/+
WCs417
Cabbage moth Mamestra brassicae | Arabidopsis thaliana Growth chamber | Soil/sand Pseudomonas (fluorescens) simiae | Mixed into soil +
WCs417
Cabbage moth Mamestra brassicae | Arabidopsis thaliana Growth chamber |Agar Pseudomonas (fluorescens) simiae  |Root tip inoculation
WCs417
Cabbage root fly Delia radicum Rapeseed Brassica napus Greenhouse Field soil Natural microbiome High and low N/a N/a
concentration of
microbiome
Comn rootworm Diabrotica speciosa |Maize Zea mays Greenhouse Soil Azospirillum brasilense AbVS Applied on seeds
Azospirillum brasilense AbV6
Cotton aphid Aphis gossypii Cucumber Cucumis sativus Soil F nas flu UTPF68 Applied on seeds No effect
Cotton aphid Aphis gossypii Cucumber Cucumis sativus Soil fluorescens UTPF1 Applied on seeds +
Cotton aphid Aphis gossypii Cucumber Cucumis sativus Soil fluorescens UTPF6 Applied on seeds No effect
Cotton aphid Aphis gossypii Cucumber Cucumis sativus h Soil fluorescens PF169 Applied on seeds No effect
Cotton aphid Aphis gossypii Okra Abelmoschus Field Sandy loam Pseudomonas fluorescens PF1 Applied on seeds
esculentus
Cotton aphid Aphis gossypii Squash Cucurbita pepo Growth chamber |Soil/sand etli G12 Soil drench
Cotton aphid Aphis gossypii Tomato Solanum Field Soil Bacillus subtilis BS3A25 Applied on seeds
lycopersicum
Cotton aphid Aphis gossypii Tomato Solanum Field N/a Bacillus subtilis BS3A25 Foliar spray
lycopersicum
Cotton leafworm Spodoptera littoralis | Maize Zea mays Growth chamber |Soil Enterobacter aerogenes Root dip +
Cotton leafworm Spodoptera littoralis | Tomato Solanum Greenhouse Soil Lactobacillus plantarum Soil drench +
lycopersicum Lactobacillus casei
Streptococcus lactis
Saccharomyces spp.
Rhodopseudomonas plastris
Rhodobacter sphacrodes
Streptomyces spp.
Cotton leafworm Spodoptera littoralis | Corn Zea mays Greenhouse Soil Lactobacillus plantarum Soil drench +
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Pupation | Number/ |Survival | Fecundity |Intrinstic | Rate of | Oviposition | Consumed |Bacterial Insect effect on bacteria |Reference Remarks
rate plant rate of |increase | preference plant number
increase tissue (- |assessed at the
(Fm) indicates |end of
higher plant |experiment?
resistance)
Yes N/a van de Mortel et al.,
2012
No N/a Zebelo et al., 2016
No N/a Zebelo et al., 2016
No N/a Zebelo et al., 2016
Yes N/a Pineda et al. 2012
Yes N/a Gadhave et al., 2016a
Yes N/a Gadhave et al., 2016a
Yes N/a Gadhave et al., 2016a
No N/a Gadhave et al., 2016b
No effect No N/a Gadhave et al., 2016b
No effect No N/a Gadhave et al., 2016b
N/a N/a N/a N/a N/a N/a Yes Abundance of some Badri et al., 2013
bacterial families was linked
to lower insect feeding
No N/a Fermnandez de
Bobadilla et al., 2017
Yes N/a Pangesti et al., 2015a |Nutrient-rich soil =
positive/negative depending on
batch of soil
Nutrient-poor soil = negative
Yes N/a Pangesti et al., 2015b
Yes N/a Pangesti et al., 2016
N/a N/a N/a N/a N/a N/a N/a N/a Yes Bacterial community Ourry et al., 2018
altered, increase of Bacillus,
Clostridium, Paenibacillus,
and Pseudomonas
Confirmed in N/a Santos et al., 2014
other
experimental
plants
No N/a Fahimi et al., 2014
+ No N/a Fahimi et al., 2014
+ No N/a Fahimi et al., 2014
No N/a Fahimi et al., 2014
No N/a Gandhi et al., 2006
No N/a Martinuz et al., 2012
_ No N/a Sudhakar et al., 2011
No N/a Sudhakar et al., 2011
No effect |Confirmed in N/a D'Alessandro et al.,
other 2014
experimental
plants
+ No N/a Megali et al., 2014
No N/a Megali et al., 2015
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Diamondback moth Plutella Kale Brassica oleracea Greenhouse N/a Kluyvera ascorbata EN4 Foliar spray
Xxylostella
English grain aphid Sitobion avenae |Barley Hordeum vulgare Greenhouse Sand Pseudomonas aeruginosa 7NSK3 Root dip
English grain aphid Sitobion avenae |Barley Hordeum vulgare Greenhouse Sand Pseudomonas aeruginosa 7NSK2 Root dip
European corn borer Ostrinia nubilalis | Maize Zea mays Growth chamber |Soil Bacillus pumilus INR-7 Applied on seeds No effect
European corn borer Ostrinia nubilalis | Maize Zea mays Growth chamber | Soil Bacillus velezensis AP-188 Applied on seeds No effect
Bacillus mojavensis AP-209
Fictibacillus solisalsi AP-217
Bacillus velezensis AP-218
European corn borer Ostrinia nubilalis |Maize Zea mays Growth chamber |Soil Bacillus velezensis AP-136 Applied on seeds No effect
Bacillus velezensis AP-188
Bacillus velezensis AP-219
Bacillus velezensis AP-295
Green peach aphid Myzus persicae | Arabidopsis thaliana Growth chamber | Soil/sand Pseudomonas (fluorescens) simiae | Soil drench
WCS417
Green peach aphid Myzus persicae | Arabidopsis thaliana Growth chamber |Field soil Natural microbiome Mixed into soil No effect
Pseudomonas fluorescens SS101
Green peach aphid Myzus persicae | Arabidopsis thaliana Growth chamber | Soil Pseudomonas (fluorescens) simiae | Mixed into soil No effect
WCs417
Green peach aphid Myzus persicae Pepper Capsicum annuum Greenhouse Field soil Natural microbiome N/a N/a N/a
Green peach aphid Myzus persicae | Pepper Capsicum annuum Field Field soil Bacillus subtilis BO3 Mixed into soil
Bacillus amyloliquefaciens IN937a
Green peach aphid Myzus persicae Pepper Capsicum annuum Growth chamber |N/a Paenibacillus polymyxa E681 Root dip
Indian cotton jassid Amrasca Okra Abelmoschus Field Sandy loam Pseudomonas fluorescens PF1 Applied on seeds
biguttula esculentus
Large cabbage butterfly Pieris Arabidopsis thaliana Growth chamber | Soil/sand Pseudomonas (fluorescens) simiae | Mixed into soil
brassicae WCs417
Leaffolder Cnaphalocrocis medinalis |Rice Oryza sativa Clay soil F nas fluorescens PF1 Applied on seeds
Leaffolder Cnaphalocrocis inalis__|Rice Oryza sativa Clay soil fluorescens FP7 Applied on seeds
Leaffolder Cnaphalocrocis Rice Oryza sativa Field Field soil fluorescens PF1 Applied on seeds
Leaffolder Cnaphalocrocis Rice Oryza sativa Field Field soil fluorescens FP7 Applied on seeds
Leaffolder Cnaphalocrocis medinalis ~|Rice Oryza sativa Greenhouse Soil Pseudomonas fluorescens PF1 Rehydrated bacteria
in root dip
Leaffolder Cnaphalocrocis medinalis |Rice Oryza sativa Field Soil Pseudomonas fluorescens PF1 Rehydrated bacteria
in root dip
Leaffolder Cnaphalocrocis medinalis ~|Rice Oryza sativa Greenhouse Soil Pseudomonas fluorescens TDK1 Rehydrated bacteria
in root dip
Leaffolder Cnaphalocrocis medinalis |Rice Oryza sativa Field Soil Pseudomonas fluorescens TDK1 Rehydrated bacteria
in root dip
Leaffolder Cnaphalocrocis medinalis ~ |Rice Oryza sativa Greenhouse Soil Pseudomonas fluorescens PY15 Rehydrated bacteria
in root dip
Leaffolder Cnaphalocrocis medinalis ~|Rice Oryza sativa Field Soil Pseudomonas fluorescens PY15 Rehydrated bacteria
in root dip
Silverleaf whitefly Bemisia argentifolii | Tomato Solanum Field Sand Bacillus amyloliquefaciens Applied on seeds
lycopersicum
Silverleaf whitefly Bemisia argentifolii | Tomato Solanum Field Sand Bacillus amyloliquefaciens Spore powder
lycopersicum formulation added to
the planting medium
Silverleaf whitefly Bemisia argentifolii | Tomato Solanum Field Sand Bacillus subtilis Applied on seeds
lycopersicum
Silverleaf whitefly Bemisia argentifolii | Tomato Solanum Field Sand Bacillus subtilis Spore powder
lycopersicum formulation added to
the planting medium
Spotted cucumber beetle Diabrotica | Cucumber Cucumis sativus Greenhouse N/a Bacillus pumilus INR-7 Applied on seeds
undecimpunctata
Striped cucumber beetle Acalymma | Cucumber Cucumis sativus Field Field soil Serratia marcescens Applied on seeds +
vittata soil drench
Tobacco cutworm Spodoptera litura | Cabbage Brassica oleracea Greenhouse Field soil Burkholderia phytofirman Root dip + soil
Rhizobium miluonens drench
Tobacco cutworm Spodoptera litura | Tomato Solanum Greenhouse Field soil Bacillus subtilis Root dip + soil
lycopersicum Ochrobactrum pseudogrignonense drench
Tobacco whitefly Bemisia tabaci Pepper Capsicum annuum Greenhouse Field soil Natural microbiomes N/a N/a N/a
Tobacco whitefly Bemisia tabaci Tomato Solanum Greenhouse Soil Pseudomonas (fluorescens) simiae |Root dip +
lycopersicum WCS417
Tobacco whitefly Bemisia tabaci Tomato Solanum Greenhouse Mixture of Bacillus subtilis DN Root dip + soil
lycopersicum peat, soil drench
conditioner,
loam, muich,
vermiculite,
perlite
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No N/a de Laurentis et al.,
2014
-/+ Confirmed in N/a Tétard-Jones et al., 20(Effects depend on plant and aphid

other genotype; 6 plant genotypes, and

experimental 5 aphid genotypes. Of these, 2

plants aphid genotypes showed
consistency over replicates.
Genotype: CLO7 1 positive / 3
negative / 2 neutral. Genotype
HF92: 3 positive/ 2 negative/ 1
neutral. Not the same plant
genotypes.

-/+ Confirmed in N/a Tétard-Jones et al., 20]Effects depending on plant
other genotype: 48 lines: 51 % positive
experimental / 36 % negative / 13 % neutral
plants

No effect No N/a Disi et al., 2018
No effect No N/a Disi et al., 2018
No effect No N/a Disi et al., 2018
No effect No N/a De Vos et al., 2007
No effect Yes Negative Kurm et al., 2018
No effect Yes N/a Pineda et al. 2012
N/a N/a N/a N/a N/a N/a N/a N/a Yes Gram-positive bacteria Kim et al., 2016
increased
No effect No N/a Herman et al., 2008
+ Yes Positive Kim et al., 2016
No N/a Gandhi et al., 2006
Yes N/a Pangesti et al., 2015a
N/a Commare et al., 2002
N/a Commare et al., 2002
N/a Commare et al., 2002
N/a Commare et al., 2002
N/a Saravanakumar et al.,
2008
N/a Saravanakumar et al.,
2008
N/a Saravanakumar et al.,
2008
N/a Saravanakumar et al.,
2008
N/a Saravanakumar et al.,
2008
N/a Saravanakumar et al.,
2008
N/a Murphy et al., 2000 Different developmental stages
were counted; effects dependend
on method of application, Bacillus
species/strain and year
No N/a Murphy et al., 2000
No N/a Murphy et al., 2000
No N/a Murphy et al., 2000
- No N/a Zehnder et al., 1997
No N/a Zehnder et al., 2000 |Results reported in text and figure
conflicting
No effect No N/a Sripontan et al., 2014
-/+ No N/a Sripontan et al., 2014 |No fertillizer = no effect
Half fertilizer amount = positive
Full fertlizer amount = negative
N/a N/a N/a N/a N/a N/a N/a N/a Yes Relative abundance was | Kong et al., 2016
altered
+ No effect Yes No effect Shavit et al., 2013
Yes Unpublished Valenzuela-Soto et al.,

2010
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Beet armyworm Spodoptera exigua | Barrelclover Medicago Greenhouse Peat/soil Sinorhizobium meliloti Soil drench No effect
truncatula conditi
Cotton leafworm Spodoptera littoralis | White clover Trifolium repens |Greenhouse Soil/sand Rhizobium leguminosarum Applied on seeds No effect
Green peach aphid Myzus persicae White clover Trifolium repens |Greenhouse Soil/sand Rhizobium leguminosarum Applied on seeds
Soybean aphid Aphis glycines Soybean Glycine max Field Soil Bradyrhizobium japonicum Applied on seeds
Soybean aphid Aphis glycines Soybean Glycine max Field Soil Bradyrhizobium japonicum Applied on seeds
Azospirillum brasilense
Soybean aphid Aphis glycines Soybean Glycine max Field Soil Bradyrhizobium japonicum Applied on seeds
Delftia_spp.
Soybean aphid Aphis glycines Soybean Glycine max Greenhouse Soil Bradyrhizobium japonicum Applied on seeds
Delftia spp.
Soybean aphid Aphis glycines Soybean Glycine max Greenhouse Field soil Bradyrhizobium japonicum Applied on seeds
Soybean aphid Aphis glycines Soybean Glycine max Greenhouse Field soil Bradyrhizobium japonicum Applied on seeds
Soybean aphid Aphis glycines Soybean Glycine max Field Soil Natural microbiomes Applied on seeds
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Yes, nodules Positive Heath et al., 2011
counted
Yes, nodules Positive Kempel et al., 2009
counted

No effect Yes, nodules N/a Kempel et al., 2009
counted
Yes, nodules Negative Brunner et al., 2015
counted
Yes, nodules Negative Brunner et al., 2015
counted
Yes, nodules Negative Brunner et al., 2015
counted
Yes, nodules Negative Brunner et al., 2015
counted

No effect Yes, nodules Negative Brunner et al., 2015
counted

No effect Yes, nodules Negative Brunner et al., 2015
counted

+ Yes, nodules N/a Dean et al., 2009

counted
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Abstract

Plant growth-promoting rhizobacteria (PGPR) can enhance plant
growth and plant defense. Via plant-mediated effects PGPR have been
reported to impact the performance of generalist leaf-chewing insects
either negatively or positively. However, only a few insect species, mainly
feeding on aboveground tissues, have thus far been investigated.

Here, we investigated how addition of rhizobacteria to plant soil
affects the performance of three chewing insect herbivores, two leaf
chewers and one root feeder. In a greenhouse experiment we grew white
cabbage (Brassica oleracea) plants in soil supplemented with the
rhizobacterium Pseudomonas simiae WCS417r. We investigated the
consequences for larvae of the cabbage moth Mamestra brassicae, the
diamondback moth Plutella xylostella, or the cabbage root fly Delia
radicum after 5 weeks of plant growth. We recorded insect biomass,
aboveground plant biomass, plant-defense marker gene expression levels
and plant defense-related hormone concentrations.

Bacterial inoculation increased aboveground plant biomass in non-
infested plants but not in infested plants. Rhizobacterial inoculation
affected insect performance differently: on PGPR-inoculated plants
Plutella xylostella biomass was lower, Mamestra brassicae biomass was
similar, and Delia radicum biomass was higher than on control plants.
Rhizobacterial inoculation increased the expression of the marker gene
LOX2 in P. xylostella infested plants. Levels of the hormones jasmonic
acid, salicylic acid and abscisic acid were similar in inoculated and non-
inoculated plants. Transcription levels of the plant defense marker gene
showed upregulation of PALI between inoculated and non-inoculated
insect-free plants. We conclude that rhizobacterial inoculation has costs
and benefits for cabbage production. The balance of these costs and
benefits needs to be assessed in order to conclude on the value of
inoculating this PGPR for cabbage production.

Keywords Cabbage root fly (Delia radicum), cabbage moth (Mamestra
brassicae), diamondback moth (Plutella xylostella), plant resistance,
rhizobacteria (Pseudomonas simiae WCS417r), white cabbage (Brassica
oleracea)
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Introduction

Insect damage to crops is estimated to be five to twenty percent
of global crop production (Deutsch et al., 2018). Increasing agricultural
output calls for effective insect pest control, which is at the same time
environmentally sustainable. An innovative contribution to sustainable
pest control is the use of beneficial soil microbes. Beneficial microbes can
enhance plant growth and defense against a range of attackers (Kloepper
et al., 2004; Raaijmakers et al., 2009; Pineda et al., 2010; Pieterse et
al., 2014). A group of plant beneficial microbes are plant growth-
promoting rhizobacteria (PGPR). Plants may gain benefits from the
interaction with the bacteria, for example through increased
photosynthesis (Zhang et al., 2008) or increased nutrient supply (Pii et
al., 2015). There are also indirect effects on plant fitness, such as the
exclusion of pathogenic bacteria (Massalha et al., 2017) or antibiotic
production by rhizobacteria (de Souza et al., 2003). Moreover, PGPR may
mediate induced systemic resistance towards attackers such as
herbivorous insects and pathogenic microbes (Pieterse et al., 1998;
Pineda et al., 2010; Pieterse et al., 2014).

Rhizobacterial colonization primes plant defense against future
attack: defense responses to attack are induced faster and stronger as a
result of root colonization by PGPR (Conrath et al., 2006; Pieterse et al.,
2014). Rhizobacterially induced systemic resistance (ISR) requires an
intact jasmonic acid (JA) signaling pathway (Pieterse et al., 2012).
Generally, rhizobacteria-triggered ISR has adverse effects on insect
herbivores, specifically on chewing insects that mainly trigger the JA
defense signaling pathway (Pineda et al., 2010; Berendsen et al., 2012;
Erb et al., 2012b). Phloem-feeding insects that mainly induce the salicylic
acid (SA) signaling pathway, are hypothesized to be less affected by
rhizobacterial colonization. Nevertheless, there are examples where
rhizobacterial colonization does not influence insect attackers (Disi et al.,
2018) or even favors insect performance (Boutard-Hunt et al., 2009;
Pineda et al., 2012; Megali et al., 2014).

The consequences for insect feeding on rhizobacteria-colonized
plants may depend on several factors, such as the plant organ attacked.
Plant defense can vary between belowground and aboveground tissues
(Biere & Goverse, 2016). For example, in response to belowground
herbivory, jasmonic acid levels are enhanced in roots, but not as much as
JA levels in leaves in response to aboveground herbivory. This suggests
that hormonal sensitivity in roots is higher than in aboveground tissues
(Erb et al., 2012a). Another difference between aboveground and
belowground environments are the insects that feed in them. Root
herbivores have different traits compared to aboveground herbivores,
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such as longer life cycles and limited mobility (Johnson et al., 2016). So
far, the effect of PGPR on plant defense against belowground-feeding
insects has received little attention.

Here, we investigated the effects of a PGPR on cabbage plants, in
terms of plant growth and plant defense to three chewing insect
herbivores, one root-feeding species and two leaf-feeders. The cabbage
root fly Delia radicum is considered a pest insect herbivore on roots of
cruciferous crops, mainly in northern Europe. The females lay eggs near
the stem of the plant, and after hatching the larvae mine into the plant’s
main root. The larvae pupate in the soil. The diamondback moth Plutella
xylostella is the most important pest herbivore of cruciferous crops and
has a global distribution (Zalucki et al., 2012). The first instar larvae are
leaf miners, and the older larvae feed on the underside of the leaves with
a preference for the younger leaves. The cabbage moth Mamestra
brassicae feeds on several crop species and is a pest insect in Europe and
Asia. The larvae feed first on the older leaves, but will later tunnel through
the crop head, leaving behind frass that contributes to crop rotting.

We employed the rhizobacterium Pseudomonas simiae WCS417r,
formerly P. fluorescens WCS417r, and the crucifer crop Brassica oleracea
cv capitata. We addressed the following research questions: (i) How does
Pseudomonas simiae WCS417r inoculation affect the performance of
Plutella xylostella, Mamestra brassicae and Delia radicum larvae? (ii) How
does Pseudomonas simiae WCS417r colonization and insect feeding affect
plant defense responses? We hypothesized that rhizobacterial inoculation
increases plant biomass and affect insect performance, which would
support the use of these microbes in a sustainable agriculture.

Materials and Methods
Rhizobacterium Pseudomonas simiae WCS417r and plant growth
conditions

The non-pathogenic epiphytic rhizobacterium Pseudomonas simiae
WCS417r, a rifampicin-resistant strain, was grown on King’s B (KB)
medium agar plates containing 25 pg ml! rifampicin during 48 h at 28°C
(Pieterse et al., 1996). Prior to soil inoculation, a bacterial solution was
made with sterilized 10 mM MgS0Q4 and adjusted to a cell density of 1x10°
colony forming units (CFU) ml! (ODsso = 1.0).

Seeds of white cabbage (Brassica oleracea cv. Christmas
Drumhead, provided by the Centre for Genetic Resources, Wageningen,
The Netherlands) were surface-sterilized with 80% ethanol for 1 minute,
followed by 15 minutes in 1 % hypochlorite solution and washed three
times with sterilized tap water. Seeds were incubated at 5°C for 3 days
to synchronize germination, and sown on twice autoclaved (121°C, 20
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minutes, 24 h in between treatments) soil (Horticoop b.v., Slingerland
Potgrond) mixed 1:3 with Perlite (Agra-perlite, grain size 3). Either
bacterial solution or 10 mM MgSO4 solution was added to the soil at 50
ml kg-t. After one week, plants were transplanted to 11 x 11 x 12 cm pots
with soil that was treated with P. simiae as previously described or with
control soil treated with sterilized 10 mM MgSO4. Plants were watered
twice per week or when needed, and 50 ml fertilizer Hyponex® was added
once per week after transplanting. Plants were grown at 20 £ 2°C and 70
% RH in a greenhouse. Photoperiod was maintained at 16:8 h (light:dark)
with additional lighting provided by halide bulbs (400 W) when
photosynthetic active radiation (PAR) dropped below 400 pmol st m-2.
The plants used in the experiments were 5 weeks old (Table 1).

Table 1 Overview of the experimental design. Pseudomonas simiae is used as soil inoculant.

Carbon-
Number of | Mean day D. Nitrogen and
individuals radicum Phyto-
measured for | emergence | Gene exp.| hormones
Plant growth biomass PI 24 h PI analysis
Insect 6 12 Pooled
treatment |Inoculation | Plants | weeks | weeks plants |[Pooled plants
Plutella None 20 X 80 4 4
xylostella | p gjmize 20 x 76 4 4
Mamestra None 20 X 82 4 4
brassicae | p sjmjze 20 x 87 4 4
. None 10 X 2 2
No insect
P. simiae 10 X 2 2
Delia None 21 X 122 38 4 4
radicum | p simjae 20 x 89 39 4 4
No insect None 10 X 2 2
P. simiae 10 X 2 2

Insect rearing

Cabbage root fly, Delia radicum L. (Diptera: Anthomyiidae), was
caught in 2013 near Zeewolde, The Netherlands and reared at 22 + 2°C,
natural daylight, and fed on 1:1:1 mix of milk powder, sugar and yeast
flakes. Larvae were reared on roots of Rutabaga, Brassica napus. Cabbage
moth larvae Mamestra brassicae L. (Lepidoptera: Noctuidae) were reared
on Brassica oleracea L. gemmifera cv. Cyrus at 22 £ 2°C, 40-50 % RH,
16L:8D photoperiod. Larvae of the diamondback moth Plutella xylostella
L. (Lepidoptera: Plutellidae) were reared on B. oleracea L. gemmifera cv.
Cyrus (22 £ 2°C, 40-50 % RH, 16L:8D photoperiod. Newly hatched larvae
of all three species were used in the experiments.
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Insect performance, plant growth measurements and plant sampling

Plants were covered with a nylon mesh bag. On each plant either
5 neonate larvae of M. brassicae or P. xylostella were placed. For the root
herbivore D. radicum, 20 neonate larvae were added carefully to the
exposed top segment of the roots. Aboveground insects were weighed on
day 4 and day 10 post infestation (dpi) on a microbalance (CP2P,
Sartorius AG, Germany) to the nearest 0.001 mg. Belowground insects
emerging as adults from the soil in the pots were caught in the mesh bags
and collected once every 24 h. Flies were then frozen and weighed on a
microbalance (CP2P, Sartorius AG, Germany) to the nearest 0.001 mg.
After insect removal, plants were harvested and their fresh weight was
determined. Subsequently, plants were dried at 70°C for 48 h, and
weighed individually to the nearest 0.1 mg (Mettler Toledo, Switzerland).
For nutrient analysis the fifth leaf was collected, counted from the top.
Leaves from four plants were pooled for infested plants, and from two
plants for uninfested plants. The leaves were freeze-dried, ground in
liquid nitrogen and weighed. Dried samples were stored at -20°C until
analysis. Carbon and nitrogen content were assessed with a CHNS
analyser (TruSpec CN determinator, LECO Corporation, MI, USA).

By the end of the experiment the B. oleracea roots were inspected
to confirm the presence of Pseudomonas bacteria. Root material (1 g fresh
biomass) was collected and shaken vigorously for 1 min in 9 ml of 10 mM
MgSOs4 containing 0.5 g of glass beads (425-600 pm, Sigma-Aldrich), and
the solution was serially diluted. Dilutions were plated with 50 pl solution
in duplicate onto KB agar medium supplemented with 25 pg mi!
rifampicin, cyclohexamine 100 mg ml-!, chloramphenicol 13 mg ml! and
ampicillin 50 mg ml* to select for fluorescent Pseudomonas spp. (Pieterse
et al., 1996). The dilution plates were incubated for 48 h at 28°C.

Plant gene expression analysis

From the same batch of plants used for insect performance, we
evaluated gene expression of the JA/ET associated LIPOXYGENASE-2
(LOX2), transcription factor (MYC2), and SA associated genes
PHENYLALANINE AMMONIA-LYASE-1 (PAL1) and PATHOGENESIS-
RELATED PROTEIN-1 (PR1) in leaves. One leaf disk (1 cm diameter) was
collected 24 h after infestation. For M. brassicae or P. xylostella infested
plants the first fully expanded herbivore damaged leaf was sampled. For
D. radicum infested plants and control plants, the fourth leaf from the top
was sampled. Tissue was immediately frozen in liquid nitrogen and stored
at -80°C for RNA extraction. Leaf disks from four plants were pooled for
each insect treatment and from two plants for the control treatment
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without insects. Leaf samples were ground with pestle and mortar in liquid
nitrogen.

Total RNA was isolated with an RNA extraction kit (Isolate II RNA
Plant Kit, Bioline), according to the manufacturer’s protocol. Synthesis of
cDNA was carried out with a cDNA synthesis kit (SensiFAST, Bioline)
following the manufacturer’s instructions and diluted five times. Stock
primers were diluted four times. Efficiency of each primer was determined
before gRT-PCR analysis (CFX96™ Real-Time System, Bio-rad, Hercules,
CA, USA). For the full primer list, see Supplement Table S1. A Bio-rad
1000 machine was used to carry out g-PCR. Reaction mixtures (25 pl)
contained 10 pl of SYBR Green gPCR master mix (Bio-rad), cDNA and 5
pl of each primer. The thermocycle parameters were as following: initial
polymerase activation, 10 min at 95°C, followed by 40 cycles of 30 s at
95°C, 60 s at 57°C and 30 s at 72°C. Conditions were determined by
temperature gradient testing for all primers and a mixture of eight
random samples cDNA from the experiment. From six reference genes
(Act-2, Btub, EFla, GAPDH, PER4, SAR1a), SARla and Act-2 were
selected as optimal reference genes. Relative gene expression was
calculated considering primer efficiency with the software gBase+ 3.1
(Biogazelle, Zwijnaarde, Belgium), through the CNRQ (Calibrated
Normalized Relative Quantity) method.

Analysis of phytohormones jasmonic acid, salicylic acid and abscisic acid

From the same samples that were used for gene expression, a
portion was lyophilized (Snijders type 2040 lyophylizer, Tilburg, The
Netherlands) and extracted with methanol. Phytohormone analysis was
performed on an Agilent 1200 series HPLC system (Agilent Technologies)
coupled to a tandem mass spectrometer (Vadassery et al., 2012), with
the modification that a tandem mass spectrometer QTRAP 6500 (SCIEX,
Darmstadt, Germany) was used. Total concentration of jasmonates (JAs)
was calculated by summation of the concentrations of JA, JA-Ile, cis-
OPDA, OH-JA, OH-JA-Ile and COOH-JA-Ile.

Statistical analysis

To check normality and homogeneity of the data we used Shapiro-
Wilk’s and Levene’s tests, and inspecting residuals through visualisation
using qqg-plots and Cullen and Frey graphs. Insect performance data was
analysed with a Generalized Linear Mixed Model with plant as a random
factor. Plant biomass, gene expression, phytohormone and plant carbon
and nitrogen data was analysed with Student’s t-test or Generalized
Linear Model depending on normality and homogeneity of the data, with
a= 0.05. If suitable, post hoc Tukey tests were run with a maximum
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likelihood fit (Laplace Approximation). The statistical tests were carried
out with RStudio version 1.1.423 (R Core Team, 2018) using packages
car (Fox & Weisberg, 2019), Imtest (Zeileis & Hothorn, 2002), readxl,
ggplot2, fitdistrplus and Ime4 (Bates et al., 2015).

Results
Effect of P. simiae soil inoculation on P. xylostella larval biomass and
plant traits

Rhizobacterial soil inoculation significantly decreased the body
mass of P. xylostella caterpillars by 20 % (x? = 7.25, df = 1, p = 0.007)
compared to the control after 10 days of insect feeding (Fig. 1). Shoot
dry weight, leaf carbon and nitrogen content of plants infested by
P. xylostella were not affected by rhizobacterial soil inoculation (shoot dry
weight: x? = 0.08, df = 1, p = 0.78; carbon content: t = -1.01, df = 8,
p = 0.34; nitrogen content: t = -0.73, df = 8, p = 0.49). We explored
possible phytochemical mechanisms for the reduced larval growth by
examining defense-related plant traits. The transcript level of the plant
defense marker gene LOX2 was higher in leaves of plants grown in
P. simiae inoculated soil compared to leaves of control plants after 24 h
of insect infestation; transcript levels for the other three genes were not
affected by P. simiae inoculation (LOX2: x?> = 13.07, df = 1, p < 0.001;
MYC2: x?2 = 0.24,df = 1, p = 0.63; PAL1: x> = 0.46, df = 1, p = 0.50;
PR1: ¥X? 0.45, df = 1, p = 0.50). The concentrations of the
phytohormones JA, SA and ABA in P. xylostella-infested leaves were not
affected by soil inoculation with P. simiae (JA: t = 0.66, df = 8, p = 0.52;
total jasmonates: x> = 1.07, df = 1, p = 0.30; SA: x> =1.47, df = 1,
p = 0.23; ABA: t = 0.45, df = 8, p = 0.66).
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Figure 1 Effects of Pseudomonas simiae soil inoculation on Plutella xylostella growth
performance and plant parameters. A. Shoot dry weight of P. xylostella-infested cabbage
plants growing in inoculated or non-inoculated soil. B. Carbon and nitrogen content of leaves
with P. xylostella feeding on inoculated or non-inoculated cabbage plants in g kg* dry
weight. C. Plutella xylostella larval biomass 10 days post infestation feeding on inoculated
or non-inoculated cabbage plants. D. Concentrations of the plant hormones jasmonic acid
(JA) and total jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves of
P. xylostella-infested plants growing in inoculated or non-inoculated soil in ng g* dry weight.
E. Plant defense marker gene expression in leaves of P. xylostella-infested plants growing
in inoculated or non-inoculated soil relative to expression of housekeeping genes. Bars show
mean £ SE; numbers in bars are number of replicates per treatment.
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Effect of P. simiae soil inoculation on M. brassicae larval biomass and
plant traits

Rhizobacterial soil inoculation did neither influence the body mass
of M. brassicae caterpillars after 10 days of feeding (x? = 0.25, df = 1,
p = 0.61; Fig. 2), nor plant shoot dry weight, carbon or nitrogen leaf
content (shoot dry weight: x> = 0.08, df = 1, p = 0.77; carbon content:
t = -0.86, df = 4.44, p = 0.43; nitrogen content: t = -0.35, df = 8,
p = 0.74) of M. brassicae-infested plants. Rhizobacterial inoculation did
not affect phytohormone levels of JA, total jasmonates, SA or ABA in
leaves (JA: t = 0.73, df = 8, p = 0.48; total jasmonates: t = 1.16, df = 8,
p = 0.28; SA: x?2 = 0.78, df = 1, p = 0.38; ABA: x?> < 0.01, df = 1,
p = 0.93) of plants infested by M. brassicae. Finally, rhizobacterial soil
inoculation affected transcript levels of marker gene MYC2, whereas the
levels of the three other marker genes were not affected in leaves after
24 h of caterpillar feeding (LOX2: x?> = 0.05, df = 1, p = 0.83; MYC2:
¥2 =6.02,df =1, p=0.014; PAL1: x> < 0.01, df = 1, p = 0.96; PRI:
x> = 2.65,df =1, p = 0.10).

Effect of P. simiae soil inoculation on D. radicum adult biomass and
plant traits

Rhizobacterial inoculation resulted in increased adult weight of D.
radicum (x?> = 6.85, df = 1, p = 0.008; Fig. 3). Development time until
insect adult emergence was similar for inoculated and non-inoculated
plants (non-inoculated: median = 37 days post infestation DPI, 3
quartile = 39 DPI; inoculated: median = 38 DPI, 3™ quartile = 39 DPI;
GLMM: x?2 = 2.07, df = 1, p = 0.15; data not shown). Shoot dry weight
of D. radicum-infested plants was similar for inoculated and non-
inoculated plants (t = -1.61, df = 39, p = 0.12). Soil inoculation did not
influence leaf carbon or nitrogen content (carbon content: t = -1.23,
df = 8, p = 0.25; nitrogen content: t = -1.62, df = 8, p = 0.14) of plants
infested by D. radicum. Insect infestation and rhizobacterial inoculation
did not affect the foliar concentrations of the phytohormones JA, total
jasmonates or ABA, but did have an effect on SA levels (JA: t = -0.31, df
= 8, p = 0.76; total jasmonates: x?> =0.49, df =1, p = 0.48; SA:
x> =5.34,df =1, p=0.021; ABA: x> = 2.46,df = 1, p = 0.12) or defense
marker gene expression in leaves of D. radicum-infested plants after 24
h of herbivory (LOX2: x> < 0.01, df = 1, p = 0.97; MYC2: x> =0.47,
df =1, p = 0.49; PAL1: x> = 0.96, df = 1, p = 0.32; PR1: x> = 0.16,
df=1, p=0.67).

46



P

A. Plant biomass B. Leaf chemistry M’ & Insaribibmass
=
©
> 12 - 2 —= o T
T = > - o =
= = 300 =3 E ¢
D 0.9 = 3 =
2 &
= ol 2 200 2 2 5 4
raas Q S o
) o 2 2
S 03 O 100 Z 10 T 2
8 = 5 ‘s 2
2 20 e 5 g 5 = 82
D g0 - 9 - 0 =
D. Leaf phytohormones
15001
300
8 22
J_ % 3000
60 o 1000 i~
< S 2000 = 320
2 40 ‘:’ ‘g) o
3 S 1000 S 500 2100
£ 20 5 & 5 £ < 5
3 < s3]
S I a9 < ¢
E. Gene expression i Control
< P. simiae
X LOX2 MYC2 PAL1 PR1
173
D 5 18 4 = =
g {
5 4 | o * 20 T ) l
% 3 1L ' - 15 l i
2]
g 2 08 L 1.0
";‘ 0.4 1
- 05
3 1|5 5 5 5
x 0.0 00 o

Figure 2 Effects of Pseudomonas simiae inoculation on Mamestra brassicae growth
performance and plant parameters. A. Shoot dry weight of M. brassicae-infested cabbage
plants growing in inoculated or non-inoculated soil. B. Carbon and nitrogen content in leaves
with M. brassicae feeding on inoculated or non-inoculated cabbage plants in g kg? dry
weight. C. Mamestra brassicae larval biomass 10 days post infestation feeding on inoculated
or non-inoculated cabbage plants. D. Concentrations of the plant hormones jasmonic acid
(JA) and total jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves of
M. brassicae-infested plants growing in inoculated or non-inoculated soil in ng g™ dry weight.
E. Plant defense marker gene expression in leaves of M. brassicae-infested cabbage plants
growing in inoculated or non-inoculated soil relative to expression of housekeeping genes.
Bars show mean + SE; numbers in bars are number of replicates per treatment; **’ indicate
significantly different mean values between treatments.
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Figure 3 Effects of Pseudomonas simiae inoculation on Delia radicum growth performance
and plant parameters. A. Shoot dry weight of D. radicum-infested cabbage plants growing
in inoculated or non-inoculated soil. B. Carbon and nitrogen content in leaves with D.
radicum feeding on inoculated or non-inoculated cabbage plants in g kg dry weight. C.
Delia radicum adult weight by emergence feeding on inoculated or non-inoculated cabbage
plants. D. Concentrations of the plant hormones jasmonic acid (JA) and total jasmonates
(JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves of D. radicum-infested plants
growing in inoculated or non-inoculated soil in ng g* dry weight. E. Plant defense marker
gene expression in leaves of D. radicum-infested cabbage plants growing in inoculated or
non-inoculated soil relative to expression of housekeeping genes. Bars show mean + SE;
numbers in bars are number of replicates per treatment; ‘*’ indicate significantly different
mean values between treatments.
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Effect of P. simiae soil inoculation on traits of uninfested plants

The addition of P. simiae to the soil increased shoot dry weight of
uninfested cabbage plants after six weeks of exposure by on average 33%
(t = -2.99, df = 18, p = 0.008; Fig. 4), whereas carbon or nitrogen
content of leaves were not affected (carbon content: t = -0.79, df = 7,
p = 0.44; nitrogen content: t = 0.83, df = 7, p = 0.44). Foliar
concentrations of SA were higher and concentrations of ABA lower for
plants inoculated with bacteria compared to control plants, whereas JA
concentration was unaffected by bacterial inoculation (JA: t = -0.26,
df = 7, p = 0.80; total jasmonates: x> = 0.82, df = 1, p = 0.37; SA:
t=-2.64,df =7,p = 0.033; ABA: x> =13.3,df = 1, p < 0.001). Bacterial
inoculation resulted in lower expression level of the marker gene PAL1 in
leaves, whereas the expression levels of PR1, LOX2, and MYC2 were
unaffected (LOX2: x2 = 3.76,df = 1, p = 0.053; MYC2: x? = 0.26,df = 1,
p=0.61; PAL1: x> =7.07,df = 1, p < 0.001; PR1: x? = 0.01, df = 1,
p = 0.91).

For 12-week-old plants, rhizobacterial inoculation did neither
affect shoot dry weight (t = -0.75, df = 18, p = 0.46; Fig. 5) nor foliar
carbon or nitrogen content (carbon: t =-1.80, df = 7, p = 0.11; nitrogen:
¥? = 1.31, df = 1, p = 0.25), nor foliar levels of JA, SA and ABA (JA:
t = 0.55, df = 7, p = 0.60; total jasmonates: x> = 0.52,df =1, p = 0.47;
SA: x> =1.61,df =1, p =0.20; ABA: x> = 0.43,df =1, p = 0.51).
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Figure 4 Effects of Pseudomonas simiae inoculation on 6-week-old cabbage plants. A. Shoot
dry weight of cabbage plants growing in inoculated or non-inoculated soil. B. Carbon and
nitrogen content in leaves of cabbage plants growing in inoculated or non-inoculated soil in
g kg dry weight. C. Concentrations of the plant hormones jasmonic acid (JA) and total
jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves of cabbage plants
growing in inoculated or non-inoculated soil in ng g* dry weight. D. Plant defense marker
gene expression in leaves of cabbage plants growing in inoculated or non-inoculated soil
relative to expression of housekeeping genes. Bars show mean % SE; '*' indicate
significantly different mean values between treatments.
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Re-isolation of Pseudomonas from plant rhizosphere

Pseudomonas bacterial concentration was higher in inoculated soil
than in non-inoculated soil after both 6 weeks and 12 weeks of plant
growth on agar media selective for Pseudomonas. The control soil
contained on average 2.7x10° Pseudomonas bacterial CFU g of
rhizosphere after 6 weeks. The inoculated soil contained approximately
76 times more, i.e. on average 2.05x108 CFU g! of rhizosphere. After 12
weeks of plant growth, control soil had on average 5.74x10° CFU g%, and
inoculated rhizosphere soil had 2.5x107 CFU g.
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Figure 5 Effects of Pseudomonas simiae inoculation on 12-week-old cabbage plants. A.
Shoot dry weight of cabbage plants growing in inoculated or non-inoculated soil. B. Carbon
and nitrogen content in leaves of cabbage plants growing in inoculated or non-inoculated
soil in g kg dry weight. C. Concentrations of the plant hormones jasmonic (JA) and total
jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves ng g dry weight.
Bars show mean + SE; numbers in bars are number of replicates per treatment; **’ indicate
significantly different mean values between treatments.
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Discussion

Our study shows that application of Pseudomonas simiae WCS417r
differentially influences the performance of three chewing insect
herbivores. Insect biomass data for P. xylostella showed decreased
growth if cabbage plants were colonized by P. simiae WCS417r,
suggesting an induced systemic plant defense response. This suggestion
is supported by higher transcript levels of the defense marker gene LOX2
in P. xylostella-infested leaves of rhizobacteria-inoculated plants. Plutella
xylostella feeding has been previously shown to upregulate LOX2 as part
of plant defense in cabbage (Li et al., 2016a). Upregulation of plant
defense marker genes has previously been reported in conjunction with
P. simiae-treatment in A. thaliana plants (Pangesti et al., 2016).
Concentrations of jasmonic acid (JA), salicylic acid (SA) or abscisic acid
(ABA) in P. xylostella-infested leaves were not affected by rhizobacterial
inoculation.

Rhizobacterial soil inoculation did not affect biomass of M.
brassicae larvae, contrary to our expectation. Previous work shows that
upregulation of LOX2 is part of plant defense against M. brassicae feeding
in cabbage (Pangesti et al., 2015a; Li et al., 2016a). In our study, neither
M. brassicae-induced transcription of LOX2, nor jasmonate production nor
JA-dependent transcription of MYC2 were affected by rhizobacterial
inoculation. This may explain why rhizobacteria did not affect M. brassicae
weight. Studies on other plants show various effects of P. simiae
inoculation on M. brassicae performance. When feeding on A. thaliana
plants, P. simiae WCS417r colonization can both negatively and positively
affect M. brassicae larvae, depending on soil nutrient concentration and
drought stress (Pangesti et al., 2015a; Fernandez de Bobadilla et al.,
2017). Addition of fertilizer in our study may have offset potential
negative effects of P. simiae on M. brassicae growth.

Delia radicum performed better on plants in rhizobacteria-treated
soil compared to D. radicum on control plants. The effects of rhizobacterial
inoculation of plants on D. radicum has not been studied so far. However,
root microbial community structure is altered when D. radicum is feeding
on oilseed rape (Brassica napus) (Ourry et al., 2018). Additionally,
another belowground chewer, the beetle Diabrotica speciosa Germar
(Coleoptera: Chrysomelidae), is negatively affected by rhizobacterial
inoculation of Azospirillum brasilense in maize (Santos et al., 2014).

We propose three non-mutually exclusive mechanisms that may
explain the increased D. radicum biomass. First, cabbage root biomass
may have increased due to rhizobacterial inoculation, thereby increasing
food availability to D. radicum larvae. How cabbage root biomass is
affected by P. simiae is not yet known, although in the related plant A.
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thaliana, P. simiae WCS417r increased root and shoot biomass (Pangesti
et al., 2017). Second, root production of secondary metabolites such as
glucosinolates may be affected by PGPR colonization. PGPR inoculation
may reduce glucosinolate levels in A. thaliana roots when colonized by
Kosakonia radicincitans rhizobacteria (Witzel et al., 2017). However,
glucosinolate levels did not influence D. radicum performance in five wild
cabbage populations (van Geem et al., 2015). Yet, glucosinolates
stimulate oviposition by D. radicum (Roessingh et al., 1992), but it is not
known whether the behavior of D. radicum larvae is affected by
glucosinolate levels. A third explanation may be found in direct
interactions between the PGPR and the insect. Compounds secreted by P.
simiae may either act as feeding stimulants, or interact with insect gut
microbes to increase nutrient acquisition. The gut microbiome of D.
radicum larvae may contain PGPR. For example the PGPR strain
Pseudomonas sp. PRGB06 has been found in the gut of P. xylostella
(Indiragandhi et al., 2008), but has yet to be found in belowground
feeders. Further research is needed to determine whether P. simiae
WCS417r stimulates feeding by D. radicum.

Uninfested rhizobacteria-inoculated plants exhibited
downregulated expression of the marker gene PAL1, whereas expression
of JA-associated marker genes was similar to that in uninfested control
plants. Previous studies showed an upregulation of JA-related marker
genes in P. simiae colonized A. thaliana plants (Pangesti et al., 2016).

We found that rhizobacterial inoculation increased plant biomass,
a result in line with previous research. Our results present the first report
of cabbage growth promotion in response to colonization by P. simiae
WCS417r. Cabbage plants have previously been shown to respond to
rhizobacterial colonization by increased growth; several bacterial species
increase plant growth (Turan et al., 2014). Plant growth promotion by P.
simiae WCS417r has been shown in other plant species such as grapevine,
radish and banana (Berendsen et al., 2015). Yet, for some plant species
this strain did not promote growth, such as tobacco (van Loon et al.,
2008). Hence, the strain possesses specificity to plant species. This
study’s observed growth promoting effect was lacking in herbivore-
infested plants. This may be explained by increase of plant defense in
infested plants. According to the hypothesis of a growth-defense trade-
off, plant resources will be distributed to either expansion or protection,
where one will be adjusted for the other. An increase of defense in the
experimental plants would thus be expected to result in lowered plant
growth.

In conclusion, growth and defense of cabbage plants can benefit
from the beneficial rhizobacterium P. simiae WCS417r. Interestingly, we
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found a positive effect on the performance of the root herbivore D.
radicum whereas for other chewing root herbivores negative effects were
recorded. Hence, promotion of plant growth and improving resistance to
chewing insect herbivores through soil inoculation with rhizobacteria is
possible, yet insect performance can be differentially affected. Thus, the
addition of this rhizobacterium has costs and benefits in terms of plant
fitness. The relative effect sizes of these costs and benefits need to be
assessed in order to assess the value of this PGPR for crop production.
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LOX2 GCCATTGAGTTGACTCGTCC GGATGCATGGCACTTAGTTGT

MYC2 GGCTGGACCTACGCTATATTCTGG AGAAAAACCACTCCGTATCCGT

PR1 GTCAACGAGAAGGCTAACTATAACTACG TTACACTTGCTTTGCCACATCC

PAL1 TCGCTATGGCTTCTTACTGCTCTG GAGGTCTTACGAGATGAGATGATGCC
SAR1a ATCTCTAGCCACCGTTCCCT TTCCTGACGATGCTGCACAT

Act-2 ACATTGTGCTCAGTGGTGGA TCTGCTGGAATGTGCTGAGG
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Abstract

Crop resistance against insects can be enhanced by root-
associated bacteria. However, the application of such beneficial bacteria
in agricultural systems poses challenges: when and how to apply them?
The bio-priming method may be a solution, where seeds are hydrated
together with beneficial rhizobacteria before sowing. Here, we
investigated the biopriming method to explore plant resistance to
herbivorous insects, through bacterizing Brassica oleracea seeds using
the rhizobacterium Pseudomonas simiae WCS417r. We measured plant
biomass and insect herbivore performance in greenhouse experiments.
Cabbage plants were infested with the cabbage moth Mamestra brassicae,
the diamondback moth Plutella xylostella, or the cabbage root fly Delia
radicum.

We found that seed bacterization did not affect B. oleracea
biomass. Biomass of M. brassicae and P. xylostella larvae was not
affected. Data for biomass of D. radicum were inconclusive. In the first
experiment, D. radicum biomass was not affected by seed bacterization.
In contrast, the second experiment showed a positive effect from seed
bacterization on D. radicum biomass. We conclude that seed bacterization
as applied here did not result in enhanced plant resistance for the plant-
rhizobacterium interaction studied. Overall, the field of seed biopriming
needs standardization to optimize factors for colonization success to
ensure yield increase.

Keywords Plant growth promoting bacteria, seed bio-priming, Delia
radicum, Mamestra brassicae, Plutella xylostella, Pseudomonas simiae
WCS417r.

56



Introduction

Environmental and health concerns are incentives for a reduction
in pesticide usage in agriculture: sustainable crop protection strategies
are urgently needed (Velten et al., 2015; Sanchez-Bayo & Wyckhuys,
2019). A strategy that has emerged over the past decade is the
application of plant-growth promoting rhizobacteria (PGPR) that have
been shown to enhance plant resistance to microbial and insect attackers
(Conrath et al., 2006; Pineda et al., 2010; Pieterse et al., 2014; Rasmann
et al., 2017). Employing such beneficial bacteria for sustainable crop
production brings a set of implementation challenges. For example, when
and how to apply the beneficial microbes?

Adding microbes to the seeds can solve both the how and when to
apply microbes for optimal crop production and resistance. An interesting
microbe delivery application is the seed bio-priming method (Taylor et al.,
1998; O'Callaghan, 2016). This method is a sub-category of the wider
concept of seed priming, where seed metabolism is initially activated
through hydration (soaking seeds in fluid), followed by drying to halt seed
germination. In the seed-biopriming method the seeds are bacterized by
adding living beneficial bacteria in the hydration phase (O'Callaghan,
2016; Rocha et al., 2019). Seed biopriming was shown to deliver
sufficient amounts of bacteria to enhance plant growth. For example,
growth of Brassica napus plants was enhanced upon seed bio-priming
with Pseudomonas chlororaphis (Abuamsha et al., 2011b).

Seed bio-priming can not only promote plant growth, but was
shown to also promote plant resistance in crops against plant pathogens
(Abuamsha et al., 2011a; Sekar et al., 2018; Jayapala et al., 2019; Singh
et al., 2020). However, seed biopriming against plant attackers such as
insects has rarely been explored. Here, we investigated the effects of seed
treatment with the beneficial rhizobacterium Pseudomonas simiae
WCS417r on growth and resistance to insect herbivores in cabbage,
Brassica oleracea. We infested the plants with the herbivorous insect
larvae of the cabbage moth Mamestra brassicae, diamondback moth
Plutella xylostella and cabbage root fly Delia radicum, and measured plant
growth and insect biomass increase as a proxy for plant resistance.

Materials and methods
Multiplication of rhizobacterium Pseudomonas simiae WCS417r and
preparation of seed biopriming solution

The rhizobacterium Pseudomonas simiae WCS417r (formerly P.
fluorescens WCS417r (Berendsen et al., 2015)) was grown on King’s B
(KB) medium agar plates with added rifampicin (25 pg mlt), at 28°C for
48 h (Pieterse et al., 1996). Cells were harvested and diluted in 10 mM
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MgSO0s4, and the solution was adjusted to a cell density of 1x10° colony
forming units (CFU) ml! (ODsso = 1.0) with a spectrophotometer (Biorad
SmartSpec™ 3000).

Insect rearing

The cabbage root fly Delia radicum L. (Diptera: Anthomyiidae) was
reared in a climate cabinet (22 £ 2 °C, 40-60% RH, 16 L:8 D) and fed
1:1:1 mix of milk powder, sugar and yeast flakes. Larvae were reared on
roots of rutabaga (Brassica napus L.). The cabbage moth Mamestra
brassicae L. (Lepidoptera: Noctuidae) was reared on Brassica oleracea L.
gemmifera cv. Cyrus in a climate room (22 + 2 °C, 40-50 % RH, 16 L:8
D). The diamondback moth Plutella xylostella L. (Lepidoptera: Plutellidae)
was reared on Brassica oleracea L. gemmifera cv. Cyrus in a climate room
(22 £ 2 °C, 40-50 % RH, 16 L:8 D). Newly hatched larvae of M. brassicae
and D. radicum, and L2 larvae of P. xylostella were used in the
experiments.

Seed bacterization and plant growing conditions

To bacterize white cabbage B. oleracea seeds (Brassica oleracea
cv. Christmas Drumhead, provided by the Centre for Genetic Resources,
Wageningen, The Netherlands), we first sterilized the seeds by dipping
them in 80% ethanol for 2 min, followed by 15 min in 1% hypochlorite
and 3 times in sterilized water using a tea-infuser. The water-soaked
sterilized seeds (control) were soaked in sterilized 10 mM MgS04, whereas
bacterized seeds were soaked in rhizobacterial solution, prepared as
described above. Seeds were soaked in the dark in a rotator at 80 r.p.m.
at room temperature for 4 h. The seeds were then dried in a desiccator
in the dark for 24 h. To inspect bacterization, we crushed nine bacterized
seeds and six water-soaked seeds in pools of three, in sterilized 10 mM
MgSO4. The solution was plated in duplicate on KB medium agar
supplemented with 25 pug ml! rifampicin, 100 mg ml-! cyclohexamine, 13
mg ml-! chloramphenicol, and 50 mg mlt ampicillin. After incubating for
two days we counted the CFU, and found a bacterial load of 7900 £ 760
CFU/seed (mean %= SE).

The experiment was done twice. In the first experiment we
measured germination percentage and plant growth after 6 weeks for four
seed treatments: ‘no treatment’, ‘sterilized seeds’, ‘water-soaked seeds’
and ‘bacterized seeds’. Seed sterilization, water soak and bacterial
treatment were performed as described above. Seeds were germinated
on wet filter paper in a greenhouse, and seed germination was scored
daily at the same time. In parallel, ten additional seeds from each of the
four seed treatments and fifty additional water-soaked and bacterized
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seeds were sown. The seeds were sown on twice autoclaved (121°C for
20 min, and 24 h in between autoclaving) soil (Horticoop b.v., Slingerland
Potgrond) in a sowing tray.

After one week of growing, seedlings were transplanted to 11 x 11
x 12 cm pots. The potting soil was mixed 1:3 with Perlite (Agra-perlite,
RHP, grain 3) and sterilized as described above before usage. Plants were
watered three times per week until the soil was completely moist.
Fertilization (50 ml Hyponex ®) was added after transplant, once during
the first week, and then twice per week. Plants and seeds were
germinated/grown in a greenhouse with settings 20 £ 2°C with 70 % RH.
Photoperiod was maintained at 16 L:8 D h with additional lighting
provided by halide bulbs (400 W) when photosynthetic active radiation
(PAR) dropped below 400 pymol s m=2,

Plant and insect performance

After six weeks of plant growth, the 40 plants grown from the four
seed treatments were harvested. Plant dry shoot biomass was determined
after drying the aboveground tissue at 70°C for minimally 48 h, and
weighed to the nearest 0.1 mg (Mettler Toledo, New classic MF ML54,
Switzerland).

After five weeks of plant growth, the additional one hundred plants
grown from water-soaked and bacterized seeds, were infested with 15 D.
radicum neonates, five P. xylostella L2 larvae or five M. brassicae neonate
larvae. Plants were first covered in nylon mesh bags. Larvae of M.
brassicae and P. xylostella were placed on a leaf with a paint brush,
whereas D. radicum larvae were brushed onto the carefully exposed main
root. We measured P. xylostella and M. brassicae individual larval biomass
after 10 days of feeding by weighing on a microbalance (CP2P, Sartorius
AG, Germany) to the nearest 0.001 mg. Plant shoots were harvested after
a total of six weeks of plant growth and weighed as described above. Adult
D. radicum flies were caught in the mesh bags after emergence and
collected once every 24 h, and weighed to the nearest 0.001 mg (CP2P,
Sartorius AG, Germany). The remaining plant shoots were harvested after
a total of 12 weeks of plant growth. This comprised experiment 1.

In the second experiment, we grew two sets of bacterized seeds
and water-soaked seeds using the same method as described above, in
similarly treated soil and in similar growth conditions. The plants intended
for each insect infestation were grown six weeks apart due to limited
greenhouse space. We infested the plants after five weeks of plant
growth, in respective treatment with 20 D. radicum neonates or 10 P.
xylostella L2 larvae. Plutella xylostella larvae were individually weighted
after 10 days of feeding, and plant shoots were harvested, after a total of
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six weeks of plant growth. Pupae of D. radicum were collected from the
soil after 3 weeks of infestation, and placed in a Petri dish until
emergence, adult flies being collected daily and then weighed. The plants
were harvested after eight weeks of plant growth. The aboveground dry
plant biomass was determined as described above.

Statistical analysis

Plant data were analyzed with GLM with a gamma distribution or
ANOVA, where the model with lowest AIC score was used (according to
REML criteria). Insect data were analyzed with GLMM with plant as a
random factor. The statistical tests were performed using R version 3.5.0,
with R Studio version 1.1.423 (R Core Team, 2018), specifically the
packages car (Fox & Weisberg, 2019), Imtest (Zeileis & Hothorn, 2002),
readxl, ggplot2, fitdistrplus and Ime4 (Bates et al., 2015).

Results
Shoot dry biomass

To investigate whether seed sterilization and seed bacterization
interfered with germination and plant growth, we measured seed
germination and plant growth for the four seed treatments studied in
experiment 1. The proportion seed germination was 93-100% for the four
seed treatments (Supplemental Fig. S1). Shoot dry biomass was similar
for the four seed treatments after 6 weeks of plant growth (Fig. 1, ANOVA,
F=1.08, df = 3, p = 0.37).

60



14 - Seed treatment p = 0.37

5 1.2 { 1 :
a1 -
£
o
> 0.6 -
o
5 04 -
.8 0.2 -
n ' 10 10
0
No Sterlized Water Bacterized
treatment  seeds soaked seeds
seeds

Figure 1 Brassica oleracea plant shoot dry biomass after six weeks of growth from four
seed treatments. No treatment: control plants grown from untreated seeds. Sterilized
seeds: plants grown from sterilized seeds. Water-soaked seeds: plants grown from sterilized
seeds soaked in sterilized 10 mM MgSOas. Bacterized seeds: plants grown from sterilized
seeds soaked in rhizobacterial suspension (1x10° CFU ml!) for 4 h, and then dried for 24
h. The numbers in the bars represent the number of plants in each treatment, the p-value
is based on ANOVA (a = 0.05). Bars show mean + SE.

Influence of P. simiae seed bacterization on shoot dry biomass
To further assess the effect of bacterization on plant growth and
herbivore performance, we grew B. oleracea bacterized and water-soaked
seeds, and after five weeks infested the plants with one of three herbivore
species, in two temporally separated experiments. In experiment 1, seed
bacterization did not affect plant shoot dry biomass (ANOVA, F = 0.20,
df = 1, p = 0.65; Fig. 2A). Infestation with M. brassicae and P. xylostella
did not affect plant shoot dry biomass (ANOVA, F=0.82,df =2, p = 0.45;
Fig. 2A). Plants infested with D. radicum had a lower plant shoot dry
biomass when harvested after 12 weeks (ANOVA, F = 42.65, df = 1,
p < 0.001; Fig. 2B), but seed bacterization showed no effect (ANOVA,
F=1.14,df = 1, p = 0.30; Fig. 2B). Furthermore, in experiment 2 seed
bacterization did not affect plant biomass (ANOVA, F = 1.27, df = 1,
p = 0.27; Fig. 2C) after 6 weeks of plant growth. Plutella xylostella
infestation did not influence plant dry shoot biomass (ANOVA, F = 0.32,
df = 1, p = 0.58, Fig. 2C). Plant growth in the second seed set intended
for D. radicum infestation was slow due to unknown reasons.
Nevertheless, the results showed that D. radicum herbivory affected plant
biomass (ANOVA, F = 6.18, df = 1, p = 0.015, Fig. 2D), whereas plant
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shoot biomass was not affected by seed bacterization after 8 weeks
(ANOVA, F =1.32,df =1, p = 0.26, Fig. 2D).

Influence of P. simiae seed bacterization on insect biomass

In our experiments herbivore performance, evaluated as insect
biomass, was measured as a proxy for plant resistance. In experiment 1,
seed bacterization did not affect M. brassicae and P. xylostella biomass
after feeding on plants for 10 days, or D. radicum biomass at adult
emergence from the soil (Fig. 3A, P. xylostella: GLMM, x? = 1.07, df = 1,
p = 0.30. Fig. 3B, M. brassicae: GLMM, x? = 2.49, df = 1, p = 0.12. Fig.
3C, D. radicum: GLMM, x? = 0.13, df = 1, p = 0.72). In experiment 2,
P. xylostella larval biomass was not affected by seed bacterization after
feeding for 10 days (Fig. 3D: GLMM, x? = 1.65, df = 1, p = 0.20). Delia
radicum adult weight was positively affected by seed bacterization after
extraction as pupae from the soil, three weeks after the onset of
infestation (Fig. 3E: GLMM, x? = 18.52, df = 1, p < 0.001).
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Figure 2 Shoot dry biomass of plants grown from water-soaked or bacterized seeds. A.
Shoot dry biomass of plants grown from water-soaked seeds (white bars) or bacterized
seeds (colored bars), uninfested (no insect) or infested with Plutella xylostella or Mamestra
brassicae larvae; B. Shoot dry biomass of plants grown from water-soaked seeds (white
bars) or bacterized seeds (colored bars), uninfested (no insect) or infested with Delia
radicum after 12 weeks. C. Shoot dry biomass of plants grown from water-soaked seeds
(white bars) or bacterized seeds (colored bars) and grown six weeks apart, infested with P.
xylostella. D. Shoot plant dry biomass of plants grown from water-soaked seeds (white bars)
or bacterized seeds (colored bars), uninfested (no insect) or infested with D. radicum, after
eight weeks. Numbers in the bars represent the number of plant replicates, the p-values
are based on ANOVA (a = 0.05), and the bars show mean + SE.
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Figure 3 Insect biomass when feeding on plants grown from water-soaked or bacterized
seeds. Experiment 1. A. Plutella xylostella larval biomass after feeding on control plants
grown from water-soaked seeds (white bar) or on plants grown from bacterized seeds
(colored bar) for 10 days. B. Mamestra brassicae larval biomass after feeding on control
plants grown from water-soaked seeds (white bar) or on plants grown from bacterized seeds
(colored bar) for 10 days. C. Delia radicum adult biomass after soil emergence; larvae had
been feeding on control plants grown from water-soaked seeds (white bar) or on plants
grown from bacterized seeds (colored bar). Experiment 2. D. Mamestra brassicae larval
biomass after feeding on control plants grown from water-soaked seeds (white bar) or on
plants grown from bacterized seeds (colored bar) for 10 days. E. Delia radicum adult
biomass after soil emergence; larvae had been feeding on control plants grown from water-
soaked seeds (white bar) or on plants grown from bacterized (colored bar). Pupae were
collected from soil and kept until emergence and then weighed. Numbers in the bars
represent the number of measured insects, the p-values are based on GLMM (a = 0.05).
Bars show mean %+ SE.
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Discussion

Several studies have examined the seed bio-priming method to
enhance yield or biomass production (Raj et al., 2004; Abuamsha et al.,
2011b; Manrique et al., 2019), yet few studies have included plant
resistance to insect herbivores (Crialesi et al., 2017; Thuler et al., 2017).
Therefore, we investigated cabbage bacterization effects on plant biomass
and resistance to three common insect herbivores of cabbage plants. The
plants did not exhibit growth promotion as a result of bacterizing of the
seeds. In two separate experiments, D. radicum infestation decreased
plant biomass but there was no significant interaction with bacterization
treatment. Insect performance was similar for insects feeding on plants
grown from either bacterized or water-soaked seeds, but D. radicum
biomass response to bacterization varied between our two experiments;
in one we found no effect, in a second experiment D. radicum adult
biomass was higher on plants grown from bacterized seeds.

Although the results suggest that seed bacterization with P. simiae
WCS417r did not increase B. oleracea plant biomass, previous research
showed that rhizobacterial growth promotion was recorded for cabbage
plants upon the application of other delivery methods and bacterial
strains. For example the strain Bacillus megaterium TV-91C increased
cabbage growth by 22.6 % after soaking seeds in rhizobacterial solution
(Turan et al., 2014). Additionally, the strain P. simiae WCS417r has before
been shown to promote cabbage growth when mixed into sterilized soil
(Friman et al., 2021a). A possible explanation for the discrepancy
between these results and those from earlier studies could be the lower
amount of inoculum found on the seeds in this study. A higher amount of
inoculum was measured on seeds in other studies (Szczech & Shoda,
2006; Abuamsha et al., 2011b). However, an increasing amount of seed
inoculum does not necessarily lead to plant growth promotion (Ciccillo et
al., 2002). The optimal amount of inoculum per seed for successful
colonization upon application of seed biopriming is unknown.

It is important to notice that the specific bacterial delivery method
can result in different effects on plant growth (Szczech & Shoda, 2006).
Adding Burkholderia ambifaria MCI7 to the soil impaired maize plant shoot
fresh weight but not root fresh weight, compared to non-inoculated
plants. On the other hand, seed bio-priming improved plant root fresh
weight but not shoot fresh weight (Ciccillo et al., 2002). Thus,
rhizobacterial delivery method may affect growth promotion and root-
shoot ratio. It is unknown if root growth in our experiment was promoted,
as we did not measure root biomass.

Since the type of rhizobacterial delivery method affects plant
growth differently, it may be that the delivery method also affect insect
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herbivore performance differently. Therefore, herbivore performance in
this study may not be compared to results of herbivore performance in
studies where rhizobacteria are mixed into the soil. Even though the
results presented here are difficult to link to other plant-microbe-insects
studies due to differences in inoculation methods, several promising
studies hint at the capacity of beneficial microbes to enhance plant
resistance against insects through seed bacterization (Fahimi et al., 2014;
Gadhave et al., 2016a; Disi et al., 2018). These studies were performed
using a seed soak without drying, which may be less applicable in
agriculture (Rocha et al., 2019). More research is needed to unravel the
mechanisms underlying these differences between inoculation methods,
and to standardize the seed-biopriming method.

The results in the present study show that P. simiae seed
bacterization did not have an effect on larval biomass of P. xylostella and
M. brassicae. In a similar study where bio-priming was used, Thuler et al.
(2017) showed that cabbage resistance against P. xylostella is improved
by seed bio-priming with Kluyvera ascorbata EN4 and Bacillus
thuringiensis HPF14 (Thuler et al., 2017). The insects were feeding on
leaf discs from leaves previously mechanically damaged, which is a
difference in the experimental setup compared to the study presented
here. These experimental setup differences may have caused the
difference in results; setup differences included e.g. insect infestation
methods, bacterial load (CFU/seed), seed drying after bacterization and
implementation of mechanical damage on leaves.

The specificity related to plant and bacterial strain is an essential
part of rhizobacterial inoculation (Drogue et al., 2012; Chamam et al.,
2013). This strain specificity can also affect plant response towards
insects. Among the strains Pseudomonas fluorescens UTPF68, UTPF1,
UTPF6 and PF169, only inoculation with PF169 increased cucumber
resistance against the cotton aphid Aphis gossypii, when seeds were
bacterized (Fahimi et al., 2014). We therefore speculate that not only the
rhizobacterial delivery method, but also the specific bacterial strain used
for bio-priming plays an important role in the bacterial colonization and
effectiveness.

Effects on D. radicum biomass varied between experiments in this
study: the first experiment exhibited no difference whereas the second
experiment showed an increase of fly biomass when insects fed on plants
grown from bacterized seeds. Despite the variation in the effect on D.
radicum adult weight, previously an increase in weight has been found
from rhizobacterial addition by mixing into soil (Friman et al., 2021a).
Several factors may have influenced the insect biomass. The experiments
in this study were temporally separated, allowing for seasonal changes
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affecting the plants and fly colony. Furthermore, differences between soil
batches may influence insect response to rhizobacterial soil inoculation
(Pangesti et al., 2015a).

Inoculating seeds can serve as a route of transportation and
dissemination of the bacteria to the plant root. It has been hypothesized
that an early introduction in the seedling phase may help to steer
rhizobacterial colonization towards the strains that are most beneficial for
yield (Rocha et al., 2019). In support of this, studies show that
microbiome assembly may be most dynamic in the first two weeks of
plant life (Torres-Cortes et al., 2018; Tkacz et al., 2020). Seedlings likely
assemble their microbial community from both surrounding soil and from
the seed microbiome (Bulgarelli et al., 2013; Nelson, 2018). However,
the question of an optimal point in time in the plant life cycle to nudge
microbiome community with the addition of beneficial rhizobacteria is still
uncharted.

This study demonstrates that B. oleracea seeds bacterized with
the strain P. simiae WCS417r according to the bio-priming method, did
not promote plant shoot biomass or enhanced plant resistance. Our
results even suggest that the performance of the belowground insect
herbivore D. radicum, was increased as a result of bacterial treatment.
The selection of both the strain and the delivery method may be essential
for optimizing rhizobacterial inoculations in agriculture. Our results
underline the complexity of rhizobacteria-plant interactions, and further
research should investigate the factors influencing the effects of
bacterization on plant growth and defense.
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Supplemental information
Table S1 Seed germination per day observed from seed treatments. No treatment: plants
grown from untreated seeds. Sterilized: plants grown from sterilized seeds. Water-soaked
seeds: plants grown from seeds soaked in sterilized 10 mM MgSOs for 4 h. Bacterized seeds:
plants grown from seeds soaked in rhizobacterial suspension in 10 mM MgSO4 (1x10° CFU

ml*) for 4 h.
Number of seeds
Da No Sterilized Water-soaked Bacterized
Y treatment seeds seeds seeds
Total 1 95 16 15 15
Germination/day 2 4 6 8 3
Accumulative
Germination/day 3 64 15 14 11
Accumulative
Germination/day 4 88 15 14 15
Accumulative
Germination/day > 88 15 14 15
Percentage 93 94 93 100
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Abstract

Plant growth-promoting rhizobacteria can modulate plant
resistance against single insect herbivores. Yet, plants are often attacked
by more than one insect herbivore. Here, we investigated rhizobacterial
modulation of plant resistance under single and multiple herbivore attack.
We grew cabbage plants, Brassica oleracea, in soil inoculated with the
rhizobacterium Pseudomonas simiae WCS417r in a greenhouse, and
infested them with caterpillars of the leaf-feeding diamondback moth,
Plutella xylostella, and/or larvae of the root-feeding cabbage root fly,
Delia radicum.

We found that rhizobacterial inoculation increased plant shoot dry
mass. Furthermore, rhizobacterial inoculation lowered the area of leaf
tissue consumed by P. xylostella, but not larval biomass. Root damage by
D. radicum feeding was similar on plants grown in rhizobacterially
inoculated and control soil. Rhizobacterial treatment did not affect gene
expression levels of marker genes in the jasmonic acid pathway, whereas
local insect feeding upregulated jasmonic-acid-associated gene
expression. Lastly, rhizobacterial inoculation did not differently affect
plant resistance against single infestation by D. radicum or P. xylostella,
compared to double herbivory by both D. radicum and P. xylostella.

In conclusion, rhizobacterial soil inoculation promoted B. oleracea
plant growth. We suspect there was no active rhizobacterial modulation
of plant resistance, and therefore no different modulation of plant
resistance in response to dual herbivory compared to single herbivory.
These results highlight the difference between rhizobacterial plant growth
promotion and rhizobacterial plant resistance modulation. Further,
multiple herbivores on the same host plant may have a stronger effect on
each other than rhizobacterial modulation of plant resistance.

Keywords Rhizobacterium Pseudomonas simiae WCS417r, diamondback
moth Plutella xylostella, cabbage root fly Delia radicum, plant-insect
interaction
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Introduction

Plants are attacked by numerous insects both above- and
belowground (Stam et al., 2014). Herbivore attack may cause changes in
the root microbiome (Dawson et al., 2004; Dematheis et al., 2012; Hu et
al., 2018; Ourry et al., 2018), which in turn can affect plant-feeding
insects (Berendsen et al., 2012; Badri et al., 2013; Hu et al., 2018).
Shoot- and root-feeding insect herbivores can affect each other via plant-
mediated signaling (Erb et al., 2009; Papadopoulou & van Dam, 2017;
Karssemeijer et al., 2020). Still, it is unclear whether beneficial microbes
modify plant resistance against simultaneously feeding above- and
belowground insects.

Plant resistance against herbivores is regulated by phytohormonal
signaling pathways both above- and belowground (Bezemer & van Dam,
2005; Erb et al., 2012b; Mithofer & Boland, 2012; Verma et al., 2016). A
major phytohormonal signaling pathway influencing chewing insect
herbivores is the jasmonic acid/ethylene pathway. Jasmonic acid, or
jasmonic acid-derived signals, are transported via vascular bundles
throughout the plant (Ruan et al., 2019), and induce phenotypic changes
systemically (Kaplan et al., 2008). As a result of systemic responses to
herbivory, herbivores can influence each other through plant-mediated
alterations of defense and nutrient allocation throughout the plant
(Johnson et al., 2013; Huang, W et al., 2014).

Beneficial rhizobacteria may induce resistance to insect herbivores
(Pineda et al., 2010; Friman et al., 2021a) and a functional jasmonic acid
signaling pathway is required for this (Pieterse et al., 2012; Pieterse et
al., 2014; Rasmann et al., 2017). However, experiments with plants
colonized by rhizobacteria show that their effects on a single insect can
vary from positive to negative (Megali et al., 2014; Santos et al., 2014;
Megali et al., 2015; Pangesti et al., 2015a). Nevertheless, plants are not
interacting with single herbivores one at a time, but are often attacked
by several insects simultaneously (Stam et al., 2014). It is yet unknown
how rhizobacteria modulate plant-mediated interactions between two
herbivore species feeding on the plant at the same time.

Among crop plants, the Brassica genus is one of the most
commonly cultivated, of which cabbage (Brassica oleracea L.) is
prominent and grown worldwide. Cabbage plants are damaged by several
insect pest species. A common and highly destructive insect pest is the
diamondback moth Plutella xylostella L. (Zalucki et al., 2012; Furlong et
al., 2013). The females deposit eggs singly or in small groups, and the
first instar larvae mine into the leaves. Plutella xylostella exhibits multiple
resistance to insecticides (Furlong et al., 2013), prompting development
of other, sustainable, control measures. The most important belowground
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insect pest of cabbage is the cabbage root fly Delia radicum L. (EIP-AGRI,
2016). The female flies deposit their eggs near the stem base of the plant.
The hatched larvae mine into the root, and later pupate in the soil. Root
miners such as D. radicum are difficult to effectively control with
traditional methods in agriculture.

Here, we asked whether plant growth-promoting rhizobacterium
Pseudomonas simiae WSC417r modulates B. oleracea defense differently
under dual herbivore attack compared to bacterial modification of plant
defense under single herbivore attack. We quantified plant shoot dry
biomass, measured consumed leaf area by P. xylostella and scored root
damage by D. radicum under single and dual attack, on plants grown on
soil with and without rhizobacterial soil addition. We compared the effects
of single and dual attack by P. xylostella and D. radicum on the gene
expression of marker genes in the JA signaling pathway in leaves and root
of plants grown in inoculated or control soil.

Materials and methods
Insect rearing

Delia radicum L. (Diptera: Anthomyiidae), and Plutella xylostella
L. (Lepidoptera: Plutellidae) were reared at 22 + 2°C, 40-50 % RH, 16:8
h (light:dark). Adult flies were fed on a 1:1:1 mix of milk powder, sugar
and yeast flakes, in the presence of honey. Larvae were reared on roots
of rutabaga (Brassica napus L.). Flies oviposited on a fresh piece of
rutabaga placed in a Petri dish on moist filter paper. The rutabaga piece
was removed and the Petri dish was closed until hatching. Plutella
xylostella was reared on B. oleracea L. gemmifera cv. Cyrus plants at 22
+ 2°C, 40-50 % RH, 16:8 h (light:dark). Second instar larvae (L2) were
used in the experiments.

Rhizobacterium Pseudomonas simiae WCS417r and plant growing
conditions

The rhizobacterium Pseudomonas simiae WCS417r, formerly P.
fluorescens WSC417r (Berendsen et al., 2015), was grown on King’s B
(KB) medium containing 25 pg ml- rifampicin at 28°C for 48 h. This strain
is a plant growth promoting rhizobacterium, originally isolated from wheat
rhizosphere. A bacterial solution was made by harvesting bacteria from
the agar plates and suspending them in sterilized 10 mM MgSOQO4. The
solution was adjusted to a cell density of 1x10° colony forming units
(CFU) per ml (ODseo = 1.0).

White cabbage seeds (Brassica oleracea cv. Christmas Drumhead,
Centre for Genetic Resources, Wageningen, The Netherlands) were
surface-sterilized by submerging the seeds in 80 % ethanol for 1 min,
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followed by 15 min in 1 % hypochlorite. The seeds were then washed
three times with sterilized tap water.

Potting soil (Horticoop b.v., Slingerland Potgrond) was mixed 1:3
with Perlite (Agra-perlite, grain 3) and autoclaved twice (121°C, 20
minutes, 24 h in between sterilizations). The bacterial solution was mixed
into the soil at 50 ml kg*. For control soil treatment, 10 mM MgSOs4
sterilized solution was added at the same dose. The sterilized seeds were
added to the soil in a sterilized seedling tray. After one week of plant
growth, the seedlings were transplanted into clean 11 x 11 x 12 cm pots.
In total 240 plants were grown, of which 120 plants were used for
assessing insect and plant performance, and 120 plants for sampling
tissue that was later used for gene expression analysis. Plants were
watered when needed, around three times per week until the soil was
moist, and Hyponex® fertilizer 50 ml was added once per week after
transplant. Plants were grown at 20 £ 2°C and 70 + 10 % RH in a
greenhouse. Photoperiod was maintained at 16:8 h (light:dark). When
photosynthetic active radiation (PAR) dropped below 400 pmol s'm,
additional lighting was provided by halide bulbs (400 W). The plants used
in the experiments were four weeks old.

Insect performance, plant growth and plant tissue sampling

Plants were randomly divided into five blocks, and assigned to a
treatment. All plants were covered by a nylon mesh bag with an elastic
band around the pot, allowing insects to move freely on the plant they
were confined on. Plants received either five P. xylostella L2 larvae placed
on the top leaves, or ten neonate D. radicum larvae that were placed next
to the exposed stem base.

After 24 h of insect infestation, leaf samples were taken with a 1
cm diameter steel cork borer and immediately frozen in liquid nitrogen.
For aboveground insects, the leaf disk was collected close to P. xylostella
damaged leaf tissue. For D. radicum infested and non-infested plants, leaf
samples were taken from the first fully expanded leaf from the top. Roots
were collected, quickly washed, and frozen in liquid nitrogen. Plant tissues
were stored at -80°C until analysis.

Plutella xylostella caterpillars were collected after 10 days of
feeding and weighed on a microbalance to the nearest 0.001 mg (CP2P,
Sartorius AG, Germany). Leaf feeding damage was quantified by
measuring the leaf area consumed. Leaves were cut from the stem and
taped carefully to a blank paper together with 1 cm? of paper as calibration
area, and scanned (RICOH MPC4503). In Adobe Photoshop (v 19.1.7)
scans were contrasted and pixels of missing leaf area were counted
relative to the number of pixels of the calibration area to quantify the
consumed leaf area. Each leaf was measured twice, and the average of
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the two measurements was used. The consumed area was then divided
by the number of caterpillars recorded for that plant. Root damage was
scored by visual estimation after two weeks of D. radicum infestation. The
root-damage scale of Wang et al. (2016) was used. In short, a score was
given between 0 and 6, where 0 = no root damage and 6 = severely
affected root tissue and only a small core of the tap root is left. A score
of 1 represents feeding comprising less than 10 % of the root surface
area; a score of 2 represents 11-25 % root damage of the surface area;
a score of 3 represents 26-50 % damage; a score of 4 represents 51-75
% and a score of 5 represents 76-100 % damage; lastly a score of 6 = a
root is completely eaten or almost completely eaten.

After P. xylostella collection or D. radicum damage scoring, plant
shoots were harvested, dried at 70°C for 48 h, and weighed to the nearest
0.1 mg (Mettler Toledo, New classic MF ML54, Switzerland).

Plant gene expression analysis

We quantified gene expression in leaves for: (1) the JA associated
LIPOXYGENASE-2 (LOX2), (2) transcription factor OCTADECANOQOID-
RESPONSIVE ARABIDOPSIS 59 (ORA59), a main integrator of the JA- and
ET-signaling pathways and (3) transcription factor MYC2/JASMONATE
INSENSITIVE1 (MYC2), a main integrator of the JA- and ABA-signaling
pathways. For roots, we quantified gene expression of (1)
LIPOXYGENASE-6 (LOX6), (2) ORA59, (3) MYC2, and (4) ALLENE-OXIDE
SYNTHASE (AOS), a gene in the JA biosynthetic pathway. The primers
used are presented in Supplemental Table S1. Tissue was ground with a
pestle in an Eppendorf tube whilst cooled with liquid nitrogen. RNA was
isolated with an RNA extraction kit according to the manufacturer’s
protocol (Isolate II RNA Plant Kit, Bioline). Synthesis of cDNA was carried
out with a cDNA synthesis kit (SensiFAST, Bioline) following the
manufacturer’s instructions and diluted five times. To control for RNA
quantity, the housekeeping genes SAR1a, PER4 and Btub were used for
leaf tissue, whereas Act-2 and Btub were used for root tissue. Efficiency
and optimal annealing temperature of each primer was determined before
gRT-PCR analysis (CFX96™ Real-Time System, Bio-rad, Hercules, CA,
USA). Reaction mixtures (20 ul) per sample contained 5 pul of five times
diluted cDNA, 0.4 pl forward primer 25 mM, 0.4 ul reverse primer 25 mM,
10 pl gPCR SYBR green mix (Bio-rad), and 4.2 yl water. The thermocycle
parameters for leaf tissue, initial polymerase activation during 10 min at
95°C, 40 cycles of 30 s at 95°C, 60 s at 57°C and 30 s at 72°C. For root
tissue another sequence of temperatures was used: 10 min at 95°C, 40
cycles of 30 s at 95°C, 60 s at 62°C and 30 s at 72°C.
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Statistical analysis

Insect and plant performance data were analyzed with a
Generalized Linear Mixed Model (GLMM), built from the model including
all factors, with the lowest AIC score (according to REML criteria). For
insect-related data, plant and block were used as random factors. For
plant data, block was used as random factor. Significance level was set
to a = 0.05. When relevant, post-hoc Tukey tests were run with a
maximum likelihood fit (Laplace Approximation). The statistical tests were
carried out with R version 3.5.0 and R Studio version 1.1.423 (R Core
Team, 2018) using packages car (Fox & Weisberg, 2019), Imtest (Zeileis
& Hothorn, 2002), readxl, ggplot2, fitdistrplus and Ime4 (Bates et al.,
2015).

Results
Effect of rhizobacterial inoculation and double infestation on P. xylostella
performance

To explore whether rhizobacterial inoculation and concurrent D.
radicum infestation affected the amount of P. xylostella feeding, we
quantified the leaf area consumed. Plant rhizobacterial inoculation
resulted in a smaller amount of leaf area consumed by P. xylostella (Fig.
1; GLMM: x? = 11.13, df = 1, p < 0.001). Simultaneous feeding by D.
radicum did not influence the leaf area consumed by P. xylostella (GLMM:
x2 = 1.58, df = 1, p = 0.21). The interaction between the main factors
insect treatment and rhizobacterial inoculation was not significant (GLMM:
x2 = 0.10, df = 1, p = 0.75), indicating that rhizobacterial inoculation
affected P. xylostella feeding similarly in the presence or absence of D.
radicum.

To further assess the differences in B. oleracea resistance to P.
xylostella after rhizobacterial inoculation and D. radicum infestation, we
measured P. xylostella larval biomass. We found that plant rhizobacterial
inoculation did not affect P. xylostella larval biomass (Fig. 2; GLMM:
x2 = 0.29, df = 1, p = 0.59). In contrast, dual infestation by both D.
radicum and P. xylostella resulted in lower P. xylostella biomass (GLMM:
¥2 = 27.19, df = 1, p < 0.001). The interaction between rhizobacterial
inoculation and insect treatment was not significant (GLMM: x2 = 1.97,
df = 1, p = 0.16), indicating that rhizobacterial inoculation affected P.
xylostella biomass similarly in the presence or absence of D. radicum.
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Figure 1 Leaf area consumed by Plutella xylostella when feeding on Pseudomonas simiae
inoculated (R) or control (C) plants as the only herbivore, and when co-feeding with Delia
radicum. Consumed leaf area was measured after 10 days of herbivore feeding. Double
colored bars represent dual infestation with P. xylostella and D. radicum. The p-values are
based on GLMM analysis (a = 0.05). Numbers in the bars represent the number of plants;
bars show mean + SE.
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Figure 2 Plutella xylostella larval biomass after feeding on Pseudomonas simiae inoculated
(R) or control (C) plants, and co-feeding with Delia radicum or feeding as only herbivore on
the plant. Biomass was measured after 10 days of herbivore feeding. Double colored bars
represent simultaneous feeding by the two herbivores P. xylostella and D. radicum. The p-
values are from GLMM analysis (a = 0.05). Numbers in the bars represent the number of
caterpillars; bars show mean £ SE.
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Effect of rhizobacterial inoculation and double infestation on plant
performance

To measure herbivore damage belowground, we visually scored
the extent of damage on primary roots on a scale of 1 to 6, where 1
represents the lowest and 6 the largest extent of root damage. We found
that rhizobacterial inoculation did not influence D. radicum root damage
(Fig. 3; GLMM: x? = 0.78, df = 1, p = 0.38). Likewise, additional
infestation by P. xylostella did not affect the amount of D. radicum root
damage compared to root damage when D. radicum was the only
herbivore (GLMM: x? = 0.84, df = 1, p = 0.36). The interaction between
the bacterial inoculation and type of insect herbivore was not significant
(GLMM: x? = 0.04, df = 1, p = 0.85), indicating that rhizobacterial
inoculation affected D. radicum damage similarly in the presence or
absence of P. xylostella.
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Figure 3 Delia radicum root damage in the presence (R) or absence (C) of Pseudomonas
simiae inoculated in the soil, and on 6-week-old Brassica oleracea plants in the presence or
absence of P. xylostella caterpillars feeding on the leaves. Root damage was visually
measured as percentage discolored surface area. Double colored bars represent dual
infestation by D. radicum and P. xylostella. The p-values are from GLMM analysis (a = 0.05).
Numbers in the bars represent the number of plants; bars show mean = SE.

To determine the effect of rhizobacterial inoculation on the growth
of plants, we measured shoot dry biomass of plants with root herbivory,
shoot herbivory or dual infestation. Shoot biomass of the plants was
differentially affected by the treatments. The main factors rhizobacterial
inoculation and insect treatment affected plant shoot dry biomass (Fig. 4;
GLMM; rhizobacterial inoculation: x? = 22.79, df = 1, p < 0.001; insect:
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¥2 = 21.43, df = 3, p < 0.001). Rhizobacterial inoculation resulted in
larger shoot biomass. There was no significant interaction between type
of insect herbivore and rhizobacterial inoculation (GLMM: x? = 3.54,
df = 3, p = 0.32), indicating that rhizobacterial inoculation affected plant
growth similarly for all four herbivore treatments.
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Figure 4 Brassica oleracea shoot dry biomass after 6 weeks of growth in Pseudomonas
simiae inoculated or control soil for four herbivore infestation treatments. Shoot plant dry
biomass of control (C) or P. simiae inoculated plants (R) plants, without insect infestation
(no insect), or infested with Plutella xylostella, infested with Delia radicum, or co-infested
with Plutella xylostella and Delia radicum; double colored bars represent dual insect
infestation. The p-values are from GLMM analysis (a = 0.05). Numbers in bars represent
number of plants; bars show mean + SE.

Effect of rhizobacterial inoculation on plant defense gene expression
levels

Plant gene expression levels were analyzed for selected JA-
associated marker genes after 24 h of insect infestation. In leaves, LOX2
expression was significantly affected by insect species (Fig. 5A; GLMM;
¥x2 = 259.98, df = 3, p < 0.001) but not by rhizobacterial inoculation (Fig.
5A; GLMM; ¥? =0.15, df =1, p = 0.70). The interaction between
rhizobacterial inoculation and insect treatment was not significant (Fig.
5A; GLMM; x2 = 3.16, df = 3, p = 0.37). Insect infestations that included
P. xylostella had the highest expression levels but also root feeding by D.
radicum upregulated LOX2 expression in the leaves.

78



Expression levels of MYC2 in the leaves were not influenced by
insect infestation or rhizobacterial inoculation (Fig. 5B; GLMM; MYC2:
rhizobacterial inoculation: x> = 0.26, df = 1, p = 0.61; insect: x> = 5.93,
df = 3, p = 0.12; rhizobacterial inoculation x insect: x2 = 0.42, df = 3,
p = 0.94). ORA59 expression in the leaves was affected by insect
infestation (Fig. 5C; GLMM; x? = 15.73, df = 3, p = 0.001) but not by
rhizobacterial inoculation (Fig. 5C; GLMM; ORA59: x?> = 0.99, df =1,
p = 0.32). ORA59 expression was higher in plants infested with the root-
feeding D. radicum than in plants infested by both the root feeder and the
leaf feeder. The interaction between insect treatment and rhizobacterial
inoculation was significant (Fig. 5C; GLMM; x? = 29.09, df =3,
p < 0.001), indicating that rhizobacterial treatment affected ORA59
expression differentially for the four insect treatments.

In the roots, transcript levels of the marker gene LOX6 were
influenced by insect feeding, but not by rhizobacterial inoculation (Fig.
6A; GLMM; LOX6: rhizobacterial inoculation: x> = 1.22,df =1, p = 0.27;
insect: x2 = 13.34, df = 3, p = 0.004). LOX6 transcript levels in response
to infestation by D. radicum plus P. xylostella were higher than in plants
infested by P. xylostella only. The interaction between insect treatment
and rhizobacterial inoculation was not significant (Fig. 6A; GLMM;
x2 = 0.49, df = 3, p = 0.92), indicating that rhizobacterial inoculation
affected LOX6 expression similarly for the four insect treatments.

For MYC2 expression in the roots, neither insect treatment nor
rhizobacterial inoculation had a significant effect (Fig. 6B; GLMM; MYC2:
rhizobacterial inoculation x? = 0.05, df = 1, p = 0.83; insect: x? = 3.78,
df = 3, p = 0.29; rhizobacterial inoculation X insect: x2 = 3.78, df = 3,
p = 0.014). Insect treatment significantly affected the overall expression
of ORA59 and AOS in roots whereas rhizobacterial treatment did not (Fig.
6C; GLMM; ORA59: rhizobacterial inoculation: x? = 0.02, df = 1,
p = 0.88; insect: x? = 19.90, df = 3, p < 0.001; rhizobacterial inoculation
x insect: x?>=0.50, df = 3, p=0.92) (Fig. 6D; GLMM; AOS:
rhizobacterial inoculation: x> = 0.18,df =1, p = 0.67; insect: x> = 11.07,
df = 3, p = 0.011; rhizobacterial inoculation x insect: x? = 6.07, df = 3,
p = 0.11). Delia radicum treatment upregulated the expression of these
genes, whereas P. xylostella did not, neither as single herbivore nor in
combination with D. radicum.
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Figure 5 Expression levels of three marker genes in the jasmonic acid defense signaling
pathway in leaves of Brassica oleracea plants grown in Pseudomonas simiae inoculated (R)
or control (C) soil, 24 h after infestation with the root herbivore Delia radicum, the shoot
herbivore Plutella xylostella or co-infestation with both herbivores, relative to the reference
genes SAR1a, PER4 and Btub. A. Relative expression levels of LOX2. B. Relative expression
levels of MYC2. C. Relative expression levels of ORA59. Double colored bars represent dual
infestation. Different letters indicate significantly different mean values between treatments,
the p-values are from GLMM analysis (a = 0.05). Numbers in the bars represent the number
of biological replicates; bars show mean £+ SE.
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Figure 6 Expression levels of four marker genes in the jasmonic acid defense signaling
pathway in primary roots of Brassica oleracea plants grown in Pseudomonas simiae
inoculated (R) or control (C) soil, 24 h after infestation with the root herbivore Delia radicum,
the shoot herbivore Plutella xylostella, both herbivores, or no insect, relative to the reference
genes Act-2 and Btub. A. Relative expression levels of LOX6. B. Relative expression levels
of MYC2. C. Relative expression levels of ORA59. D. Relative expression levels of AOS.
Double colored bars represent dual infestation. Different letters indicate significantly
different mean values between treatments, the p-values are from GLMM analysis (a = 0.05).
Numbers in bar represent the number of biological replicates; bars show mean + SE.

Discussion

Plant-growth promoting microbes have received increasing
attention from the agricultural sector as well as the scientific community.
These microbes have been shown to modulate plant resistance against
one insect herbivore species, yet plants are often hosts to more than one
herbivorous insect species. Our study investigated the effects of
rhizobacterial inoculation on dual infestation with a leaf- and a root-
chewing herbivore. Although we found a plant growth promotion amongst
plants grown in inoculated soil compared to plant grown in control sail,
we did not find a decrease in insect weight due to rhizobacterial soil
inoculation. However, we did measure a decrease in leaf area
consumption by P. xylostella when feeding on plants grown in
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rhizobacterially inoculated soil. We found no differences in D. radicum root
damage between plants grown in inoculated soil compared to plants
grown in control soil. Rhizobacterial effects on insect performance via
plant mediated effects did not depend on type of herbivorous insect, D.
radicum or P. xylostella, or simultaneous feeding from the above and
belowground insects.

Although rhizobacterial soil inoculation increased plant shoot dry
biomass of the plants grown in rhizobacterially inoculated soil compared
to plant shoot dry biomass of plants grown in control soil, the inoculation
did not affect larval weight or root damage. It is likely that that the plants
growing in inoculated soil did not have an active ISR against the attacking
insects. In addition, JA signaling was induced locally after insect feeding,
but was not affected by rhizobacterial inoculation. The results showed no
difference in JA signaling pathway regulation due to rhizobacterial
inoculation, and therefore there was no further difference in JA signaling
between a single and a dual infestation. These results are interesting, as
it has earlier been established that plant growth promotion and ISR are
two separately regulated phenomena in A. thaliana colonized by P. simiae
WCS417r (Zamioudis et al., 2013). Our results suggests a similar
separation in B. oleracea, and further underline this distinction between
rhizobacterial promoted plant growth and rhizobacterial increased plant
resistance.

Rhizobacterial inoculation influenced the amount of insect shoot
damage, but not root damage, independent of the presence of D. radicum
larvae feeding on the roots. Rhizobacterial inoculation did not influence
the plant resistance against double herbivory from both D. radicum and
P. xylostella, but systemically reduced aboveground leaf herbivory by P.
xylostella. We explain these results with increased plant nutritional value,
which could lead to more efficient insect gut food conversion, when the
insects fed on the plants grown from rhizobacterial inoculated soil. Delia
radicum root damage may have been measured too early in the insect’s
development to yet show a difference between plants grown in inoculated
soil and control plants.

Interestingly, a few other bacteria-plant-insect systems show a
systemic negative effect from rhizobacterial inoculation on leaf area
consumed by insects (Zehnder et al., 1997; Commare et al., 2002;
Saravanakumar et al., 2008). For example, leaf area consumed by P.
xylostella was negatively affected, after B. oleracea seed inoculation with
endophytic Kluyvera ascorbata EN4, when the insects fed on detached
leaves (Crialesi et al., 2017). On the other hand, neutral effects from
microbes have previously also been recorded, where consumed leaf area
by Spodoptera littoralis was not affected by presence of soil microbes in
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the soil of maize plants (D'Alessandro et al., 2014). However, the bacterial
application methods and experimental setup differ between studies, which
makes it problematic to compare results.

Root feeding insect can affect shoot feeders, and vice versa
(Poelman et al., 2008; Kafle et al., 2017). In the present study, the
double infestation by D. radicum and P. xylostella resulted in lower P.
xylostella biomass, regardless of rhizobacterial inoculation. The lower
larval biomass could be explained by three mechanisms. Root damage by
D. radicum could have negatively influenced plant nutrient uptake, with
would negative impact P. xylostella feeding rate. Insect root damage has
been shown to reduce plant nutrient uptake in other plant-insect systems.
Root herbivory by the weevil Otiorhynchus sulcatus induced a phosphorus
deficiency in aboveground tissues, which reduced the growth of the leaf-
feeding sawfly Nematus olfaciens (Johnson et al., 2013). However, our
results does not support this theory, as P. xylostella consumed leaf area
was similar between insect treatments. Secondly, effects of root herbivory
may have affected plant resource allocation leading to decreased insect
feeding rate (Schultz et al., 2013). For example, 18 hours of lubber
grasshopper Romalea guttata feeding on maize, Zea mays, induced
carbon re-allocation to roots (Holland et al., 1996). We find a third
explanation more likely, a systemic induction of defensive compounds
from belowground feeding could have influenced leaf feeding
(Papadopoulou & van Dam, 2017). Notably, sequential infestation with P.
xylostella and D. radicum lower the survival of D. radicum adults on B.
oleracea plants (Karssemeijer et al., 2020). Combined with our findings
this indicates a mutual negative effect of co-infestation for these
herbivores on B. oleracea.

In a wider ecological context, an increasing amount of literature
shows that rhizobacterial inoculation can alter insect herbivore behavior
(Grunseich et al., 2020). Rhizobacterial plant growth promotion that leads
to larger and lusher plants could help insects to improve host location
through visual cues. Despite a lack of knowledge of distant plant-host
location behavioral changes due to rhizobacterial inoculation, several
studies demonstrate altered insect preference after inoculation, perhaps
by olfactory cues. For example, the root feeding larva of Diabrotica
speciosa oriented toward non-inoculated roots instead of inoculated roots
(Santos et al., 2014). Aboveground insects may also show altered
behavior. Rhizobacterial inoculation reduced cucumber beetle Diabrotica
undecimpunctata howardi feeding on stems and cotyledons (Zehnder et
al., 1997). The lowered feeding correlated with a decrease in cucurbitacin
synthesis in inoculated plants. As cucurbitacin is known as a feeding
stimulant of Diabrotica beetles, lower amount of cucurbitacin can explain
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the reduction in beetle feeding. However, other studies show no effect
from rhizobacterial inoculation on insect preference. Rhizobacterial
inoculation did not change the attraction of whitefly Bemisia tabaci adults
when inoculated with the strain Brevibacillus brevis CBTC1 in genotypes
of pepper Capsicum annuum (Chale-Carrillo et al., 2016). Furthermore,
rhizobacterial inoculation does not affect M. brassicae larval preference
when Arabidopsis is inoculated by P. simiae WCS417r (Fernandez de
Bobadilla et al., 2017). Whether these changes lead to insect biomass
alterations or not, insect behavioral changes should be taken into account
in rhizobacteria-insect studies.

In our study we demonstrated that rhizobacterial inoculation can
promote plant growth and decrease the ingested amount of tissue
consumed by a leaf feeder. We found that rhizobacterial soil addition did
not differently modify plant resistance towards double herbivore
infestation, compared to single herbivore infestation. Furthermore, we
document that aboveground and belowground herbivory result in tissue-
specific gene expression regulation.
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Supplemental information
Table S1 Primers sequences.
Primers for Brassica oleracea target genes.

Gene Forward primer ('5 to 3') Reverse primer (‘3 to 5') Tissue
LOX2 GCCATTGAGTTGACTCGTCC GGATGCATGGCACTTAGTTGT Leaf
mycz GGCTGGACCTACGCTATATTCTGG  AGAAAAACCACTCCGTATCCGT Leaf/root
ORA59 AGGAAAGGGATAAGAGTGTGGCT TCAAAGCTATCACCGGAGACTC Leaf/Root
A0S ACCGCTTGCGACTAGGGATC CAAAGTCCTTACCGGCGCAC Root
LOX6 AGGAGCTGCCAATTCGAAGC CGCCTGTTCCAAAGTCATTCCA Root
Primers for Brassica oleracea housekeeping genes.

Gene Forward primer ('5 to 3') Reverse primer ('3 to 5') Tissue
SAR1a ATCTCTAGCCACCGTTCCCT TTCCTGACGATGCTGCACAT Leaf
PER4 TATCCTCTGCAGCCTCCTCA ACACACAGACTGAAGCGTCC Leaf
Btub GTCAAGTCCAGCGTCTGTGA TCACACGCCTGAACATCTCC Leaf/Root
Act-2 ACATTGTGCTCAGTGGTGGA TCTGCTGGAATGTGCTGAGG Root
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Summary

Plant-soil feedback (PSF) has shown to influence plant-insect
interactions. Here, we examined how insect herbivory and a beneficial
rhizobacterium alter rhizosphere microbiota, subsequently influencing
conspecific plants’ growth and defense against root herbivores.

We conditioned soil with Brassica oleracea plants, infested with
either the root-chewing herbivore Delia radicum (cabbage root fly), the
leaf-chewing herbivore Plutella xylostella (diamondback moth), the
phloem feeder Brevicoryne brassicae (cabbage aphid), and/or added the
rhizobacterium Pseudomonas simiae WCS417r. We analyzed the
rhizosphere microbial community, and in a second set of plants using the
same soil, we assessed plant growth, expression of defense-related
genes, and D. radicum performance.

The rhizosphere microbiome differed mainly between shoot and
root herbivory treatments. Addition of P. simiae led to similar rhizosphere
microbiome compared to that of the control plants. Soil conditioning
affected plant shoot biomass, gene expression, and plant resistance
against D. radicum in a treatment-specific manner. Plants had decreased
shoot biomass when grown on conditioned compared to non-conditioned
soil; P. simiae-amended soil caused the largest growth reduction.

We hypothesize that plant growth and defense may have been
affected by changes in the abundance of specific rhizosphere microbes,
rather than by the overall rhizosphere bacterial community.

Keywords: plant soil feedback, rhizosphere microbiome, plant defense,
plant-mediated interactions, Brussels sprouts (Brassica oleracea),
Cabbage root fly (Delia radicum), Diamondback moth (Plutella xylostella),
rhizobacterium (Pseudomonas simiae WCS417r), Cabbage aphid
(Brevicoryne brassicae)
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Introduction

Plants are members of complex communities, in which they
interact with a plethora of other organisms such as insects and microbes
(van der Heijden et al., 2008; Berendsen et al., 2012; Stam et al., 2014).
Plant responses to the biotic or abiotic environment can affect many of
these interactions and can shape the root and its microbiome (Sasse et
al., 2018; Stringlis et al., 2019; Delory et al., 2020). Shaping of the root-
associated microbial community may impact future plants growing in the
same soil. The net effect, either positive or negative, of all biotic and
abiotic soil properties conditioned by plants that previously grew in that
soil on plants subsequently growing in the same soil is called plant-soil
feedback (PSF) (van der Putten et al., 2013; Bennett & Klironomos,
2019). Plant-soil feedback can affect the performance of plants positively
(Kulmatiski et al., 2017) or negatively (Ma et al., 2017; Lekberg et al.,
2018). Although an increasing number of studies focuses on the effects
of PSF on plant growth, its effect on plant resistance is less explored, in
particular plant defense against belowground insect herbivores (Hu et al.,
2018).

Plants possess interconnected hormonal signaling pathways that
respond to insect herbivory. Plant defenses to insect herbivores are
mainly regulated by the phytohormones salicylic acid (SA) and jasmonic
acid (JA), but also other plant hormones such as abscisic acid (ABA) and
ethylene (ET) are involved (Erb et al., 2012b; Verma et al., 2016).
Aboveground, plants respond to herbivory by upregulating primarily SA-
or JA-associated signaling depending on the species of the attacking
insect. Generally, chewing insects induce JA production, whereas phloem-
feeding insects induce SA biosynthesis (Erb et al., 2012b; Stam et al.,
2014). In roots, JA is thought to be less inducible (Erb et al., 2012a;
Tytgat et al., 2013), but increased levels do occur after herbivore attack
(Erb et al., 2009; Lu et al., 2015; Karssemeijer et al., 2020). SA may not
serve the same function in root tissue as in shoot tissue (Erb et al., 2012a;
Lu et al., 2015). These signaling pathways, and by extension plant
defense relying on types and levels of secondary metabolites, can be
modified by PSF (Ma et al., 2017; Hu et al., 2018; Zhu et al., 2018;
Bennett & Klironomos, 2019).

Plant-soil feedback starts with a plant influencing the surrounding
soil, which impacts the root-associated microbiome (Wang et al., 2019;
Kostenko & Bezemer, 2020). Both shoot- and root herbivore feeding
induces microbiome alterations through altered plant root exudation
(Dawson et al., 2004; Kostenko et al., 2012; Kim et al., 2016; Kong et
al., 2016; Ourry et al., 2018). Herbivores can also influence the soil
microbiome directly, for instance through insect frass that mixes with soil
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(Poveda et al., 2019), or indirectly through altering plant traits (Johnson
et al., 2016). The resulting changes in microbiome and soil properties
affect the chemical composition of subsequently growing plants (Meiners
et al., 2017) which in turn can affect herbivorous insects (Kostenko et al.,
2012). Caterpillars of the cabbage moth Mamestra brassicae showed
decreased performance when feeding on plants grown in soil conditioned
by plants fed on by root-feeding wireworms Agriotes lineatus, compared
to caterpillars feeding on plants grown in soil conditioned by caterpillar-
infested plants (Kostenko et al., 2012). Thus, herbivores can affect plant
defense through PSF, but whether the underlying microbial changes are
comparable between insect feeding guilds and feeding location, has
received little attention.

Some root-associated bacteria are known to specifically enhance
plant resistance and have been coined plant growth-promoting
rhizobacteria (PGPR). These PGPR can induce systemic plant resistance
(ISR), a mechanism that enhances resistance against a range of plant
attackers (Pineda et al., 2010; Pieterse et al., 2014; Friman et al.,
2021b). These ISR-inducing bacteria can mediate plant-soil feedback.
Arabidopsis thaliana recruited an assemblage of ISR-inducing
microorganisms after infection with downy mildew, Hyaloperonospora
arabidopsidis, which subsequently increased plant resistance of plants
grown in the same soil against the same pathogen (Berendsen et al.,
2018). Although plant growth-promoting microbes are known to modulate
plant resistance against insects (Pineda et al., 2010), how these
rhizobacteria subsequently affect plant defense against insects in
conspecific plants growing in the same soil remains to be investigated.

Here, we studied how shoot- and root-feeding insect herbivores
and beneficial rhizobacteria affect the rhizosphere microbiome. We then
studied how these differences, through PSF, affect plant growth and
defense against a root herbivore in a next set of plants grown on the same
soil. We conditioned soil by growing a first set of B. oleracea plants
induced by either the root chewer Delia radicum, the leaf chewer Plutella
xylostella, the phloem feeder Brevicoryne brassicae, or by adding the
growth-promoting and ISR-inducing PGPR Pseudomonas simiae WCS417r
to the soil (Zamioudis et al., 2013; Berendsen et al., 2015). We quantified
the rhizosphere microbial community after the conditioning phase. After
removal of the plants, we used the conditioned soil mixed with sterilized
soil (40:60 v/v), to grow a consecutive set of B. oleracea plants, for which
we assessed plant performance, defense-related gene expression, and
defense against the root herbivore D. radicum.
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Materials and Methods
Plant growing conditions

Our study system consisted of Brassica oleracea L., a globally
important cultivated crop plant. Brassica oleracea var. gemmifera cv.
“Cyrus” seeds (Syngenta Seeds, the Netherlands) were germinated in a
seeding tray with seedling soil (Supportive Information Table S1) in a
greenhouse with 21+3°C and 16+3°C day and night temperatures
respectively. Natural daylight was supplemented with 400 Watt metal
halide lamps (200 pmol m-2 s-1 photosynthetically active radiation) when
photosynthetic active radiation (PAR) dropped below 400 pmol m-2 s-1,
in a 16:8 L:D cycle. After three days, plants were transplanted to 1 | pots
containing potting soil (Supplemental Table S1) and grown in the
greenhouse conditions for three weeks with identical settings as above at
60+10 % RH. Plants were watered three times per week until the top soil
was moist. Plants were additionally fertilized twice per week with 50 ml
of Hyponex solution (NPK = 7:6:19). Seedling and potting soil from the
same batches were bagged and stored at 4°C for use in the feedback
phase (Fig. 1).

Insect rearing

Worldwide, the most important belowground feeding insect on B.
oleracea is the specialist chewer cabbage root fly Delia radicum L.
(Diptera: Anthomyiidae). The female flies deposit a cluster of eggs in the
soil near the plant stem base. After hatching, the larvae feed on the
primary root. The larvae leave the root to pupate in the soil and emerge
later as adult flies. Experimental D. radicum larvae were reared on
rutabaga roots (B. napus var. napobrassica) at 22+1 °C, 70% RH and a
16:8 L:D cycle. Adult flies were fed honey and a 1:1:1 mix of milk powder,
sugar and yeast flakes. Plutella xylostella L. (Lepidoptera: Plutellidae)
were reared on B. oleracea var. gemmifera. Second instar larvae were
used in this experiment. Brevicoryne brassicae L. (Hemiptera: Aphididae)
were reared on B. oleracea var. gemmifera, and wingless adults were
used as inducers in the experiment. These insects were reared at 22+2°C,
70% RH and a 16:8 L:D cycle.
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Figure 1 Overview of the experimental design.

Soil was conditioned by Brassica oleracea plants that, after three weeks of growth, were
induced by six treatments represented by colored boxes in the conditioning phase. The
treatments were uninfested plants (no herbivores, green), Brevicoryne brassicae (yellow),
Plutella xylostella (blue), Delia radicum (orange), Pseudomonas simiae WCS417r (purple),
D. radicum and P. simiae WCS417r (pink). Additionally, soil was stored at 4°C to be used
as control in the feedback phase (white). After two weeks of induction, plants and insects
were removed and rhizosphere microbiome samples were taken. The remaining soil of each
treatment was mixed with sterilized soil (40:60 v/v). These soil mixes were used to grow
two new sets of B. oleracea plants, one set was used for gene expression assessment (24 h
post infestation) and the other set for plant and insect assessment (5 weeks post
infestation). In the feedback phase, plants were exposed to D. radicum root herbivory, and
insect performance was assessed, as well as plant performance and plant defense-related
gene expression.

Pseudomonas simiae WCS417r growing conditions and solution
preparation

The bacterial inoculum was prepared from Pseudomonas simiae
WCS417r (formerly P. fluorescens (Berendsen et al., 2015)) by incubating
bacteria on King’s B (KB) medium agar plates supplemented with
rifampicin (25 pg ml?t) for 48 h at 28°C. Cells were collected and
suspended in sterilized 10 mM MgSO4 solution. The suspension's optical
density was adjusted to 1 x 10° CFU ml-! (OD660 = 1.0).
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Conditioning phase: induction with insects and rhizobacteria

After three weeks of growth, plants were infested with insects
and/or exposed to P. simiae inoculum. Each treatment had 24 replicates
divided over four trays with six plants placed in individual saucers, to
prevent sharing water between plants. Treatments were D. radicum, D.
radicum and P. simiae WCS417r, P. xylostella, B. brassicae, P. simiae
WCS417r and untreated plants (Fig. 1). For infestation with P. xylostella
(L2) or B. brassicae (apterous adults), 10 individuals were carefully
transferred to the fourth leaf counted along the stem from the stem base.
To prevent insect contamination between treatments, the petiole of the
infested leaf was wrapped in cotton wool, bagged in a net and fixed with
a piece of metal wire. Delia radicum neonates were brushed on the
carefully exposed stem base, just below soil level. For treatments
receiving P. simiae WCS417r, bacterial suspension was applied next to
the stem with a syringe. Each pot received 20 ml solution, which equals
2x10%° CFU, and 8x107 CFU g! of soil.

Conditioning phase: soil and microbiome collection

Plants were exposed to insects and rhizobacterial inoculation for
two weeks. Subsequently, aboveground plant parts and primary roots
were removed from the soil. For soil microbiome analysis, around 3 g of
secondary roots and root-attached soil were pooled from the six plants in
each tray. Pooled roots were collected in 50 ml tubes containing 25 ml of
sterilized buffer solution (6.33 g It NaH2PO4 and 10.96 g I"'* NaH2PO4 x
2H20). Tubes were vigorously shaken for 30 s, and centrifuged for 7 min
at 4400 rpm. Supernatant was removed, as well as large chunks of root
with sterilized tweezers. The soil slurry was transferred with a sterilized
spoon into 1.5 ml tubes, and centrifuged for 5 min at 7800 rpm.
Supernatant was removed and samples were then stored at -80°C. After
taking microbiome samples, soils of all plants from the same treatment
were homogenized by mixing by hand, using clean gloves for each
treatment. For soils conditioned with plants infested with D. radicum,
special care was taken to remove any larvae from the soil.

Feedback phase: setup and measurements

Soil from the conditioning phase was mixed with y-irradiated soil
(>25 KGray, Steris, Ede, the Netherlands) in a ratio of 40 % conditioned
soil: 60 % sterilized soil (v/v). The soil mixture was divided over 1L pots.
A non-conditioned soil treatment was added, consisting of pots containing
a 40:60 mix of sterilized soil together with the soil stored as described
above, to include a treatment consisting of soil with a microbiome similar
to that of the soil used as starting material in the conditioning phase.

93



Brassica oleracea seeds were sown on seedling soil, stored at 4°C from
the start of the experiment, to expose the seeds to a similar microbiome
as the first set of plants. After three days, the seedlings were transplanted
to the feedback phase pots. Plants were grown for 25 days under the
same greenhouse settings as during the conditioning phase. After one
week of plant growth the pots were provided with sticks to later support
insect nets. Plants were divided into two sets, one for gene expression
analysis after 24 h of exposure to D. radicum larvae and the other for
assessing plant and D. radicum performance.

Feedback phase: plant and root herbivore performance

After four weeks of growth, plants were infested with 10 neonate
D. radicum larvae. Half of the plants grown on non-conditioned soil were
infested with larvae, to assess effects of D. radicum on plant performance.
The larval infestation was performed as described above. For insect
performance measurements, all plants were individually covered with a
mesh bag 10 days after infestation. Plants were inspected daily for
emerged D. radicum adults, which were then collected, frozen, and stored
at -20°C. Delia radicum size was determined by measuring hind tibia
length with a digital microscope (Dino-Lite Edge digital microscope,
Taiwan). Developmental time was recorded as the time between larval
infestation and adult emergence.

Plant performance in the feedback phase was assessed as leaf
length and leaf width of the second leaf after three weeks of plant growth.
As a proxy for plant size, average leaf size was calculated from these leaf
measures using the following formula: length x width x leaf area
coefficient. This coefficient was calculated by measuring the leaf area,
width and length of ten B. oleracea leaves of similar size using LeafByte
(Getman-Pickering et al., 2020). Five weeks after infestation, the plant
shoot was harvested and its biomass determined. Dry shoot biomass was
recorded to the nearest 0.01 g (DK-6200-C-M, Allscales, USA) after
drying at 105°C for 24 h.

Plant defense-related gene expression analysis

After four weeks of growth on conditioned soil, half of the plants
were infested with 10 neonate D. radicum larvae (Fig. 1), to assess plant
defense gene expression under plant-soil feedback conditions. After 24 h
of infestation, primary roots were harvested by uprooting the plants,
cutting off secondary roots, and freezing the primary root directly in liquid
nitrogen. One leaf disk from three leaves per plant was collected with a 1
cm diameter metal puncher. Samples were pooled for three plants, and
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immediately frozen in liquid nitrogen to form one replicate. Samples were
stored at -80°C.

Frozen samples were ground in liquid nitrogen, with a mortar and
pestle for roots, or with a small pestle directly in the collection tube for
leaves. Plant RNA was extracted with Isolate II Plant RNA kit (GCbiotech,
the Netherlands) following the manufacturer’s instructions, and converted
to cDNA (SensiFAST, Bioline). Quantitative polymerase chain reaction
(gPCR) analysis was performed to test transcript levels of genes of
interest (CFX96™ Real-Time System, Bio-rad, Hercules, CA, USA). The
primer efficiency was calculated with gPCR by determining a standard
curve with a dilution series. Reference genes SAR1a, Btub, Act-2, PER4,
GADHP and EF1a were tested on 10 randomly selected samples from both
roots and leaves to determine the optimal combination of reference genes
using GeNorm (Vandesompele et al., 2002) in gbase+ v.3.1 (Biogazelle,
Zwijnaarde, Belgium). For roots, Act-2 and SAR1a were used as reference
genes, while for leaves Btub and SARl1a were used. We analyzed
transcript levels in roots for LOX6, MYB28, CYP81F1, MYB72 and PDR9,
and in leaves for LOX2 and MYB28 (Supplemental Table S2). For MYB72
and PDR9, two genes studied in Arabidopsis (At1g56160 and At3g53480,
respectively), orthologous genes in B. oleracea were identified using the
integrative orthology finder in PLAZA (van Bel et al., 2018).

Delia radicum biomass assessment

One of the main challenges when working with D. radicum is the
difficulty of assessing larval performance. The larvae are small and
colorless, and during the first days of feeding they dig into the root,
making it nigh impossible to find them back. To overcome this obstacle,
we developed species-specific primers (Supplemental Delia radicum
biomass assessment methods). These primers specifically target the 18S
region of D. radicum, without amplifying non-targets such as those found
in fungus gnats and nematodes which may occur in the experimental soil.
We used these primers in the samples described above and normalized
the quantity relative to the plant reference genes Act-2 and SAR1a as a
proxy of larval performance.

Soil microbiome analysis

Total genomic DNA (gDNA) from 0.25 £ 0.01 g of pooled
rhizosphere soil was extracted using the DNeasy PowerSoil Kit (QIAGEN,
Hilden, Germany) according to the manufacturer's instructions. The
nucleic acid concentration and purity of samples were quantified with a
spectrophotometer (DeNovix, Delaware, United States). For bacteria, the
V4 region of the 16S gene was amplified using the 515F/806R primers
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(Caporaso et al., 2011) (Roche FastStart High Fi, 58°C, 26 cycles). For
fungi, the ITS2 region was amplified using the fITS9/ITS4R primers
(Ihrmark et al., 2012) (Qiagen HotStarTaq, 52°C, 33 cycles). Microbial
DNA was sequenced by Illumina MiSeq, 250bp paired-end, to a depth of
79,138 to 166,482 reads per sample. Amplification, library preparation
and sequencing were performed by Génome Québec (Montreal, Canada).

Raw fastq files were processed using cutadapt (Martin, 2011) and
the DADA2 pipeline (Callahan et al., 2016). The code used for sample
processing is available in the Supportive Information scripts. After
processing, 62,735 to 97,854 bacterial reads and 47,339 to 98,457 fungal
reads remained per sample. Taxonomy was assigned using the SILVA
v138 database (Quast et al., 2013) for bacteria and the UNITE v8.2
database (Nilsson et al., 2018) for fungi. We filtered ASVs (Amplicon
Sequence Variants) with too few occurrences using the effective sample
approach in metagenomeSeq (Paulson et al., 2013).

Statistical analysis

Statistical analysis was performed in R, version 4.0.0 (R Core
Team, 2018), with R studio version 1.2.5042. For microbiome analysis,
counts were normalized using metagenomeSeq. Principle component
analysis (PCA) was performed using Bray-Curtis dissimilarity in phyloseq
(McMurdie & Holmes, 2013). PERMANOVA was done with 99,999
permutations using Bray-Curtis dissimilarity with the adonis function
(Oksanen et al., 2007) post hoc analysis was performed in the
RVAideMemoire package (Hervé, 2020). We tested whether differences in
variance could have caused significant differences using permutest, which
were non-significant for both bacterial and fungal analyses, indicating that
the PERMANOVA results are valid. Differential ASVs were calculated using
DESeq2 (Love et al., 2014), by comparing each treatment to the control
group with a false discovery rate of 0.05.

We used the packages tidyverse, Ime4, emmeans, Imtest, lattice
and fitdistrplus for plant and insect data (Zeileis & Hothorn, 2002; Sarkar,
2008; Bates et al., 2015; Delignette-Muller & Dutang, 2015; Lenth et al.,
2018; Wickham et al., 2019). The distribution of each dataset was
explored with QQ-plots, histograms, Shapiro-Wilk test and the function
descdist with 2000 bootstrapped values. Analysis of leaf length, plant
shoot dry biomass and gene expression levels was performed with
generalized linear models either using Gamma or Gaussian distributions.
Development time, fly emergence and hind tibia length of D. radicum
were analyzed by using generalized linear mixed models with Poisson,
binomial and gamma distributions, respectively. Plant ID was used as a
random factor to avoid pseudoreplication. Models were compared and
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chosen based on Akaike Information Criterion (AIC) values. In the case
of multiple fixed factors, the best model that included both factors (‘soil
treatment’ and ‘sex’ or ‘time’) was chosen. Significance of fixed factors
was assessed using the Irtest function.

Results

Insect herbivore-induced alterations in plant rhizosphere microbiome
Rhizospheres from plants in the conditioning phase were extracted

and analyzed for bacterial and fungal communities. We found 1311

bacterial and 187 fungal Amplicon Sequence Variants (ASVs), the

majority of which belong to the phyla Proteobacteria and Ascomycota,

respectively (Supplemental Fig. S1).
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Figure 2 Principal Component Analysis (PCA) of bacterial (a) and fungal (b) rhizosphere
communities. Brassica oleracea plants were infested with Brevicoryne brassicae, Plutella
xylostella or Delia radicum, inoculated with Pseudomonas simiae WCS417r, or infested with
D. radicum and inoculated with P. simiae. After two weeks, rhizosphere samples were
collected and pooled from six plants. Bacterial 16S and fungal ITS2 regions were sequenced.
Colors distinguish no herbivory, shoot or root herbivory; treatments are represented by
shapes

Multivariate analysis revealed that microbial communities
clustered by the presence and feeding location of inducing herbivores
(Fig. 2, Table 1). The bacterial communities in rhizospheres of plants
induced by root-feeding D. radicum clustered separately from plants
induced by the shoot-feeding insects B. brassicae and P. xylostella and
no herbivory (hereafter root herbivory, shoot herbivory, and no
herbivory). These differences were confirmed by PERMANOVA (Table 1),
which showed that these three groups indeed differ in their bacterial
communities (no herbivory - shoot herbivory: F = 2.77, p < 0.001, no
herbivory — root herbivory: F = 2.03, p < 0.001, shoot herbivory - root
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herbivory: F = 3.20, p < 0.001). Within these three groups, treatments
did not differ from each other (Control — P. simiae: F = 1.17, p = 0.33,
B. brassicae - P. xylostella: F = 0.84, p = 0.89; D. radicum - P. simiae +
D. radicum: F = 1.04, p = 0.37). Fungi were also affected by the
treatments, rhizosphere fungal communities from plants treated with root
herbivory separated from the other samples on the first principal
component (Fig. 2, Table 1). Rhizosphere fungal communities were
strongly affected by root herbivory, and only slightly by shoot herbivory
(no herbivory - shoot herbivory: F = 1.47, p = 0.01; no herbivory - root
herbivory: F = 2.34, p < 0.001; shoot herbivory - root herbivory:
F =2.48, p < 0.001). No differences were observed within the groups of
shoot herbivory, root herbivory, or no herbivory (Control - P. simiae:
F=0.99, p = 0.64; B. brassicae — P. xylostella: F = 0.86, p = 0.77; D.
radicum - P. simiae + D. radicum: F = 1.42, p = 0.09). Thus, feeding on
either shoot or root tissue by herbivores appears to be an important factor
in shaping the rhizosphere microbial community.

Table 1 Effects of treatment and herbivory on bacterial and fungal communities, where
herbivory consisted of six treatments; Brassica oleracea plants were infested with (1)
Brevicoryne brassicae, (2) Plutella xylostella, (3) Delia radicum, (4) inoculated with
Pseudomonas simiae WCS417r, (5) infested with D. radicum and inoculated with P. simiae,
or (6) uninfested plants used as control. These treatments were grouped into shoot, root-,
or no herbivory to form the herbivory factor.

Variable Model type Model F R? P-value
Bacterial PERMANOVA ~Treatment 1.68 0.32 < 0.001
communities ~Herbivory 2.65 0.20 < 0.001
Fungal PERMANOVA ~Treatment 1.49 0.29 < 0.001
communities ~Herbivory 2.09 0.17 < 0.001
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To pinpoint specific changes caused by our treatments, we
analyzed differentially abundant ASVs (Fig. 3). For both bacteria and
fungi, rhizospheres of plants treated with root herbivory were separated
based on Euclidean distance from the shoot herbivory and no herbivory
groups. Rhizospheres of plants treated with shoot herbivores also
clustered in terms of bacteria, but not for fungal ASVs. For bacteria, ASVs
were differentially abundant between rhizospheres of plants treated with
B. brassicae and P. xylostella and control. For fungi, the largest number
of ASVs were found for plants infested by D. radicum and P. simiae + D.
radicum.

A cluster of five bacterial ASVs is present in rhizospheres of plants
treated with root herbivory, while being absent in the control treatment;
these include two members of the family Enterobacteriaceae, a Klebsiella,
a Pseudomonas, and Verruccomicrobiom spinosum. Among the fungal
ASVs, Candida tropicalis was strongly associated with rhizospheres of
plants treated with D. radicum. Several ASVs, both bacteria and fungi,
were affected only in rhizospheres of plants infested with D. radicum
(without P. simiae); these ASVs are members of the bacterial families
Nocardiaceae and Chitinophagaceae, genera Bryobacter,
Chryseobacterium and Roseiarcus, and fungal order Helotiales, class
Microbotryomycetes, and species Candida palmioleophila and
Coniochaeta fasciculata.

Figure 3 (next page) Biclustered heatmaps showing differentially abundant bacterial (top)
and fungal (bottom) ASVs. Brassica oleracea plants were infested with Brevicoryne
brassicae, Plutella xylostella or Delia radicum, inoculated with Pseudomonas simiae
WCS417r, or infested with D. radicum and inoculated with P. simiae. After two weeks,
rhizospheres were collected in four samples, each pooled from six plants. Bacterial 16S and
fungal ITS2 regions were sequenced. Differentially abundant ASVs were selected by
DESeq2, with a threshold of FDR < 0.05 difference between treatment and control. Colored
circles right of the heatmaps show whether an ASV is significantly different between that
treatment and control. Clustering by shoot and root herbivory and treatment is based on
Euclidean distance. Colors show log> (normalized count +1).
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Further, a group of highly abundant bacterial ASVs were changed
in rhizospheres of P. xylostella and B. brassicae-treated plants compared
to control plants. For instance, a member of the genus Rhodanobacter
was the most abundant ASV in the overall bacterial community, and it
was reduced from an average of 3700 normalized counts (4.8% relative
abundance) in the rhizosphere of control plants, to 2600 (3.9% relative
abundance) and 2500 (3.8% relative abundance) in rhizospheres of P.
xylostella and B. brassicae-treated plants, respectively. Interestingly,
several bacterial ASVs were depleted specifically in rhizospheres of B.
brassicae-treated plants compared to rhizosphere of control plants,
including members of the genera Flavobacterium, Azospirillum,
Hyphomicrobium, Alkanibacter, Cytophaga, and the species Parafilimonas
terrae.

Rhizospheres of plants inoculated with P. simiae only differed from
those of control plants in four bacterial ASVs, while eight fungal ASVs
were affected. Of those four bacterial ASVs in rhizospheres of P. simiae-
inoculated plants, one is a Pseudomonas fully matching P. simiae
WCS417r through a BLAST search. However, the sequenced 16S
fragments are identical to many strains in the related group
Pseudomonads, therefore we cannot verify that these fragments are
explicitly from the strain used in the experiment. Two fungal ASVs,
Hawksworthiomyces lignovirorous and Trichoderma hamatum, are
specifically depleted in rhizospheres of plants inoculated with P. simiae.
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Table 2 Effects of the factors soil treatment, root herbivory and sex on Delia radicum
performance variables, and effects on plant performance and gene expression of Brassica

oleracea.
Variable Model type Model Factor x> df P-value
Delia radicum GLMM ~ Soil treatment +  Soil treatment 25.62 6 <0.001
emergence Binomial PlantID*
Delia radicum LMM ~ Soil treatment +  Soil treatment 14.18 6 0.028
tibia length Normal Sex + PlantID* Sex 68.87 1 <0.001
Delia radicum 185 GLM ~ Soil treatment Soil treatment 15.56 6 0.016
Gamma
Leaf area GLM ~ Soil treatment Soil treatment 383.57 6 <0.001
Gamma
Plant dry mass GLM ~ Soil treatment Soil treatment 336.44 7 <0.001
Gamma
Root LOX6 GLM ~ Soil treatment +  Soil treatment 6.13 6 0.408
Gamma Root herbivory Root herbivory 33.27 1 <0.001
Root MYB28 GLM ~ Soil treatment x  Soil treatment 1.82 6 0.935
Gamma Root herbivory Root herbivory 125.31 1 <0.001
Interaction 27.84 6 <0.001
Root CYP81F4 GLM ~ Soil treatment x  Soil treatment 1.33 6 0.97
Gamma Root herbivory Root herbivory 105.76 1 <0.001
Interaction 15.09 6 0.02
Root MYB72 GLM ~ Soil treatment +  Soil treatment 20.27 6 0.002
Gamma Root herbivory Root herbivory  0.57 1  0.451
Root PDR9 GLM ~ Soil treatment x  Soil treatment 31.83 6 <0.001
Gamma Root herbivory Root herbivory 20.91 1 <0.001
Interaction 23.71 6 <0.001
Leaf LOX2 LM ~ Soil treatment x  Soil treatment  6.75 6 0.344
Normal Root herbivory Root herbivory 37.86 1 <0.001
Interaction 1491 6 0.021
Leaf MYB28 GLM ~ Soil treatment x  Soil treatment 30.26 6 <0.001
Gamma Root herbivory Root herbivory  3.46 1 0.063
Interaction 8.98 6 0.175

(G)L(M)M: (Generalized) Linear (Mixed) Model.
*PlantID was included in the models as a random factor to avoid pseudoreplication as
multiple flies emerged from each plant.
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Plant-soil feedback effects on plant performance

To assess whether plant-soil microbiome alterations affected
consecutively growing plants and their insect resistance, B. oleracea
plants were grown in the same soil previously conditioned by conspecific
plants exposed to different treatments. Plant leaf area was measured for
the second leaf counted from the bottom along the stem before infestation
after four weeks of plant growth, and shoot dry mass was measured after
five weeks after infestation. The plants received regular and similar
amounts of plant fertilizer. The surface area of the second leaf was
affected by soil conditioning (Fig. 4a): plants grown on conditioned soil
had smaller leaves. Plant shoot dry mass was also affected by soil
conditioning (Fig. 4b), where dry shoot biomass of plants grown on
conditioned soil was lower compared to plants grown on non-conditioned
soils. Plants grown on soil conditioned by plants inoculated with P. simiae
were smaller compared to plants grown on soil conditioned by control
plants. Plants grown on soil conditioned by plants treated with P.
xylostella were larger, both in terms of leaf size and biomass.
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Figure 4 Size of leaf number 2 counted from the bottom on the stem (a) and dry shoot
biomass after Delia radicum infestation (b) of Brassica oleracea plants grown in soil
conditioned by conspecific plants exposed to herbivory, rhizobacterial inoculation or a
combination. In the conditioning phase, B. oleracea plants were infested with Brevicoryne
brassicae, Plutella xylostella or Delia radicum, or inoculated with Pseudomonas simiae
WCS417r, or infested with D. radicum and inoculated with P. simiae. Plants were removed
and the same soil was used to grow new B. oleracea plants. After three weeks of growth,
leaf size of these new plants was quantified before infestation with insect herbivores (a).
After five weeks of infestation, the plants were harvested, and dry shoot biomass was
measured (b). All plants in the feedback phase, and a subset of plants on non-conditioned
soil, were induced with 10 D. radicum larvae after three weeks of growth. Numbers in bars
represent the number of included plants, bars with different letters within a panel are
significantly different from one another (Tukey’s HSD, a = 0.05), and bars show mean +
SE. GLM; Generalized Linear Model. Bars represent means + SE.
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Figure 5 Delia radicum adult emergence (a) and hind tibia length (b) on Brassica oleracea
plants grown in soil conditioned by conspecific plants exposed to herbivory, rhizobacterial
inoculation or a combination. In the conditioning phase, B. oleracea plants were infested
with Brevicoryne brassicae, Plutella xylostella or Delia radicum, or inoculated with
Pseudomonas simiae WCS417r, or infested with D. radicum and inoculated with P. simiae.
Plants were removed and the same soil was used to grow new B. oleracea plants. After three
weeks of growth, these new plants were infested with D. radicum larvae, and emerging flies
counted and their hind tibia length measured. Numbers in bars represent the number of
plants (a) or flies (b), bars with different letters are significantly different from each other
(Tukey’s HSD, a = 0.05), and bars show mean + SE. Due to low sample size, no SE could
be calculated for males in the D. radicum treatment (orange striped bar). Soil; Soil
conditioning treatment, (G)LMM; (Generalized) Linear Mixed Model.

Plant-soil feedback effects on Delia radicum performance

To unravel belowground plant resistance in a plant-soil feedback
context, we infested B. oleracea plants grown in conditioned soils with D.
radicum larvae. Adult fly emergence from soil was assessed and tibia
length was measured as a proxy for fly body size. Overall, D. radicum
adult emergence was low in the experiment, on average 11.4%
(Ntotar = 1970) of larvae developed into adults. In addition to these
performance measures, in the plants used for gene expression analysis
we examined insect performance through analysis of D. radicum 18S
ribosomal RNA.

Emergence of D. radicum was affected by soil conditioning in a
treatment-specific way (Fig. 5a). Fewer flies emerged from plants grown
on soil conditioned by plants infested by D. radicum compared to plants
grown on soils conditioned by plants treated with B. brassicae or D.
radicum together with P. simiae. Tibia length of adult flies was affected
by soil conditioning (Fig. 5b). Flies with smaller tibia length emerged from
plants grown on soil conditioned by plants infested with P. xylostella
compared to flies that emerged from plants grown on non-conditioned
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soil. Fly development time was similar for all treatments (data not
shown).

In the set of plants used for gene expression analysis 24 h post
infestation, we quantified D. radicum 18S ribosomal RNA relative to plant
reference genes as a proxy of D. radicum performance (Fig. 6f). Relative
quantities of D. radicum 18S were affected by soil conditioning
treatments. This analysis supports the observation that D. radicum
performance was reduced in plants grown on soil conditioned by D.
radicum compared to plants grown on non-conditioned soil (Tukey’s HSD;
z = 3.59, p < 0.05) or soil conditioned by control plants (Tukey’s HSD;
z = 2.88, p = 0.061). Taken together, the results show that D. radicum
was negatively affected when feeding on plants that had been growing in
soil conditioned by plants also exposed to feeding by conspecific larvae.

Gene expression in response to Delia radicum infestation and plant-soil
feedback treatments

We assessed primary root defense responses to herbivory by D.
radicum in plants grown on conditioned and non-conditioned soil,
measured after 24 h of D. radicum infestation of the primary root.
Expression in the roots of LOX6, a gene involved in JA biosynthesis, was
induced by D. radicum regardless of soil conditioning (Fig. 6éa). Transcript
levels in the roots of MYB28, involved in aliphatic GSL biosynthesis, were
downregulated by D. radicum infestation (Fig. 6b). The soil conditioning
treatments did not affect root MYB28 expression, but there was an
interaction effect between D. radicum infestation and soil conditioning.
When infested with D. radicum, transcript levels of MYB28 were lower in
plants grown on conditioned soils compared to non-conditioned. In
contrast to MYB28 downregulation by D. radicum infestation, mRNA levels
of CYP81F4, encoding an enzyme involved in indole GSL biosynthesis,
were strongly upregulated by infestation. Type of soil conditioning did not
influence CYP81F4 transcript levels, but there was an interaction between
D. radicum and soil conditioning (Fig. 6c).

Expression of root MYB72, a transcription factor involved in
induced systemic resistance and iron acquisition (van der Ent et al., 2008;
Palmer et al., 2013), was affected by soil conditioning in a treatment
specific way, but not by D. radicum infestation (Fig. 6d). Transcript levels
of PDR9, a gene encoding a transporter involved in root exudation of
coumarins, were affected by both soil treatment and D. radicum
infestation, and there was an interaction between soil treatment and D.
radicum infestation (Fig. 6e). When no D. radicum was present,
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expression of PDR9 was upregulated in primary roots of plants subjected
to all soil conditioning treatments compared to plants grown on non-
conditioned soil, especially when soil was conditioned by plants infested
with D. radicum. This effect was attenuated upon D. radicum infestation,
in which case transcript levels of PDR9 did not differ between soil
conditioning treatments.

Leaf transcript levels of LOX2, a marker gene for JA biosynthesis
expressed in the shoot, were increased by root herbivory but not by soil
conditioning; there was a significant interaction effect between soil
conditioning and root herbivory (Fig. S3a). MYB28 transcript levels in
leaves were affected by soil conditioning treatments (Fig. S3b), but not
by D. radicum infestation.

Figure 6 (next page) Relative gene expression of LOX6 (a), MYB28 (b), CYP81F4 (c),
MYB72 (d), PDR9 (e) and Delia radicum 18S (f) in primary roots of Brassica oleracea plants
grown in conditioned soil by conspecific plants exposed to herbivory, rhizobacterial
inoculation or a combination. In the conditioning phase, B. oleracea plants were infested
with Brevicoryne brassicae, Plutella xylostella or D. radicum, or inoculated with
Pseudomonas simiae WCS417r, or infested with D. radicum and inoculated with P. simiae.
Plants were removed and the same soil was used to grow new B. oleracea plants. After three
weeks of growth, half of these plants were infested with D. radicum (x-axis). All bars are
set relative to the gene expression levels in primary roots of plants of non-infested plants
grown in non-conditioned soil (grey bar). Bars with different letters are significantly different
from one another, within control (Roman alphabet) or D. radicum infested (Greek alphabet)
samples (Tukey’s HSD, a = 0.05), and bars show mean + SE. Soil; Soil conditioning
treatment, Delia; D. radicum treatment, NS; Not significant, (G)LM; (Generalized) Linear
Model. N = 3 or 4 replicates of 3 pooled plants.
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Discussion

Our study shows that the plant root microbiome changes after
insect attack, and that plant growth and defense are influenced via PSF.
Our data show that the bacterial rhizosphere community is differentially
affected by shoot and root herbivory, whereas the fungal rhizosphere
community is mostly affected by root herbivory. Although previous
research shows that plant defense against shoot-feeding insects can be
altered through PSF (Kostenko et al., 2012; Bezemer et al., 2013; Kos et
al., 2015a; Kos et al., 2015b; Hu et al., 2018; Pineda et al., 2020), we
here show novel evidence that the root-feeding insect D. radicum is
negatively affected by conspecific feeding through PSF.

We observed that herbivore feeding on the root or the shoot
influenced the rhizosphere microbial community. The multivariate
analysis revealed that bacterial rhizosphere communities were separated
into three groups: plants with shoot herbivory, with root herbivory and
non-infested plants. We further observed that the fungal rhizosphere
community was similar between plants fed on by shoot-feeding insects
and control plants, but was different from the fungal community of plants
with root-feeding D. radicum. A previous study showed that D. radicum
herbivory led to only minor changes in fungal community, but caused
major changes in both endo- and rhizosphere bacterial communities of
oilseed rape, B. napus (Ourry et al., 2018). Interestingly, our results show
that D. radicum herbivory strongly increased the abundance of the soil
yeast Candida tropicalis, of which plant-growth promoting strains are
known (Amprayn et al., 2012). Furthermore, rhizospheres of D. radicum-
infested plants showed an accumulation of several bacteria
(Enterobacteriaceae, Klebsiella, and Pseudomonas) that may be
associated with the D. radicum gut microbiome (Lukwinski et al., 2006;
van den Bosch & Welte, 2020). This finding hints at the interesting
possibility of direct interactions between the microbiomes of the plant and
the root herbivore gut. For shoot feeding insects, previous studies showed
both response of the rhizosphere community, and no response. In line
with our results, some studies show an effect of herbivory on the
rhizosphere community (Yang et al., 2011; Lee et al., 2012; Bezemer et
al., 2013; Kong et al., 2016; Malacrino et al., 2020; Zytynska et al.,
2020). Other studies report similar rhizosphere microbiomes for shoot-
herbivore-infested and non-infested plants (O'Brien et al., 2018;
Malacrino et al., 2020). The variation seen in the literature regarding
rhizosphere microbiome responses to shoot herbivory could be explained
by factors such as plant- and insect-specific responses, or different bulk
soil bacterial communities in the starting soil.
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We found that inoculation with the rhizobacterium P. simiae did
not affect overall microbial communities in the rhizosphere. Although
there are studies that find an altered root community after addition of
rhizobacteria, others report no effects (Herschkovitz et al., 2005;
Gadhave et al., 2018; Wang et al., 2018; Zytynska et al., 2020). Even
though the microbial community composition was not affected by the
addition of P. simiae WCS417, the abundance of several distinct species
was changed. It has been demonstrated that only a set of three bacterial
soil species are sufficient to increase resistance in A. thaliana against a
foliar fungal pathogen (Berendsen et al., 2018). Thus, changes in a few
species have the potential to have large consequences for the plant.

In the feedback phase of our experiment, plants showed
treatment-dependent responses in plant performance when grown on
conditioned soils. Shoot herbivory by P. xylostella on plants during the
conditioning phase led to increased growth of plants in the feedback
phase, compared to plants grown in soil conditioned by plants without
herbivores. Hence, herbivory can affect plants over growing periods via
soil-mediated effects. Several PSF mechanisms could have contributed to
our results. Fresh litter, such as fine roots, can stimulate the microbial
activity (Fontaine et al. 2003), but can also negatively affect plant growth
through release of phytotoxic (allelopathic) and autotoxic compounds
when decomposing (Bonanomi et al., 2006). Extracellular self-DNA
(eDNA) is also released from decomposing tissue, and can exert plant
growth inhibition on grasses, forbs and A. thaliana in vitro (Mazzoleni et
al., 2015). These PSF mechanisms are likely to have contributed to our
results, as root fragments were present in the soil we transferred.

Surprisingly, the performance of B. oleracea was drastically
decreased when grown in soil on which previously growing plants were
inoculated with P. simiae, compared to the other soil conditioning
treatments. Although this PGPR strain is usually considered a beneficial
rhizobacterium when applied to plants, such as B. oleracea (Friman et al.,
2021a), our results suggest that this beneficial effect may not be
maintained through PSF. Notably, there are reports of rhizobacteria
causing effects varying from plant growth promotion to inhibition,
depending on e.g. phosphate availability or rhizobacterial population
density (Ciccillo et al., 2002; Morcillo et al., 2020). However, as we
assume the nutrient availability was sufficient for the experimental plants
due to regular fertilization in our experiments, we instead propose that
changes in the microbiome underlie the reduction in growth. For example,
Trichoderma hamatum was absent in rhizospheres of P. simiae-induced
plants while it was present in the other treatments. This species is a
known growth-promoting fungal species in e.g. pepper (Mao et al., 2020).
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In this way, the addition of P. simiae may have suppressed other
beneficial microbes in the rhizosphere, leading to a net negative growth
effect. Interestingly, herbivory by D. radicum together with P. simiae
inoculation of the plants during the conditioning phase restored plant
biomass to a certain degree in the feedback phase. Evidently, D. radicum
has a more dominant impact on the rhizosphere microbiome compared to
addition of P. simiae WCS417r.

Root herbivory by D. radicum during the conditioning phase led to
lower performance of D. radicum in the feedback phase, in line with
previous studies that demonstrated alteration of plant resistance against
insects through PSF (Kostenko et al., 2012; Bezemer et al., 2013; Kos et
al., 2015a; Kos et al., 2015b; Hu et al., 2018; Pineda et al., 2020). The
overall D. radicum adult emergence in our experiment was low compared
to other studies using similar methods (Soler et al., 2007; van Geem et
al., 2015; Karssemeijer et al., 2020). Although this is a limitation of our
study, we reinforced our results by the quantification of D. radicum 18S
ribosomal RNA after 24 h of feeding, a novel method to quantify root fly
larval performance in planta. This method confirmed a lower performance
of D. radicum on plants in the feedback phase growing in soil conditioned
with D. radicum-infested plants. Performance of D. radicum may have
been affected by a change in plant defense, or by a direct influence of the
soil microbiome. Indeed, Lachaise et al. (2017) found that differences in
the soil microbiome affected D. radicum performance. Delia radicum
infestation was previously shown to increase the abundance of Bacillus
and Paenibacillus in the rhizosphere, which could have entomopathogenic
properties (Ourry et al., 2018). These species were not differentially
affected in our study, perhaps due to different plant growing substrates.
Without isolating these bacteria from the rhizosphere and testing their
effects on the plant and the root herbivore larvae, we can only speculate
about the underlying mechanisms.

In roots, most defense markers we studied were not affected by
soil conditioning treatments, and thus they do not explain the difference
in insect performance. However, since only a single time point was
studied, we cannot rule out that soil microbes may have primed defense
against D. radicum, leading to a faster defensive response. Indeed, two
genes involved in ISR, MYB72 and PDR9, were affected by soil
conditioning treatments. Although these genes have mainly been studied
in A. thaliana, we found that the expression of their orthologues in B.
oleracea was changed by soil conditioning. The transcription factor MYB72
has been identified as a key regulation node in A. thaliana roots in iron
uptake and communication with the beneficial rhizobacterium P. simiae
WCS417r (Verhagen et al., 2004) and was later verified to play a central
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role in rhizobacterial ISR (van der Ent et al., 2008). This transcription
factor regulates the expression of genes involved in the shikimate,
phenylpropanoid and nicotianamine biosynthesis pathways, including
genes leading to the production and exudation of coumarins (Zamioudis
et al., 2014). These coumarins, in particular scopoletin, are exuded from
the roots by the transporter PDR9, where they play a dual role in both the
plant response to iron deficiency and influencing the rhizosphere
microbiome (Stringlis et al., 2018; Stringlis et al., 2019). This could be
an indication that ISR plays a role in PSF. Interestingly, transcript levels
of LOX2 and MYB28 in leaves were affected by soil conditioning
treatments, a result which is in line with previous studies that found a link
between shoot defense and plant-soil feedback (Hu et al., 2018). This
again underlines that defense signaling in shoot and root is fundamentally
different (Johnson et al., 2016).

In conclusion, our study demonstrates that shoot and root
herbivory lead to separate plant rhizosphere microbe communities.
Furthermore, we show that inoculation of P. simiae to the soil has limited
effects on the rhizosphere microbial community. Through PSF, plant
performance and defense is altered in a treatment-dependent way for B.
oleracea plants growing in soil conditioned by conspecific plants. The
results presented here suggest that changes in the abundance of specific
microbes, rather than the overall microbiome, may be more important for
plant performance and defense. Finally, our results underline the
complexity of the interplay between rhizosphere microbes, insects, and
plants.
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Supplemental information
Table S1 Soil properties of potting soil.

Soil pH: 5.70 EC: 0.80 EN-factor: 1.23 HWW: 180

Hortiklei! 40,610 kg
MD Zweeds veenmosveen 0,200 EN-m3
Baltisch veen middel 0,400 EN-m3
Tuinturf normaal 0,400 EN-m3
Dolokal Extra potgrond (bulk) 3,820 kg
PG-mix 15-10-20 0,810 kg

Table S2 Primers for target genes in Brassica oleracea.

Gene Forward primer ('5 to 3") Reverse primer ('3 to 5') Tissue
LOX2 GCCATTGAGTTGACTCGTCC GGATGCATGGCACTTAGTTGT Leaf
LOX6 AGGAGCTGCCAATTCGAAGC CGCCTGTTCCAAAGTCATTCCA Root
CYP81F1  TGTGTCAGAAACGTTCAGGCT ATGGCACGTCGTATCCTCCG Root
MYB28 CGGGAGAGATGAGCACAATACG CAGCCCTCGAAGTTTCCTATCA Leaf/Root
MYB72 AAACAAGTGGTCAAAGATCGCG  ACACTCATCTCAAGAAACGACT Root
PDR9 ATTCCACCACCTTCTATGCCG ACTTGGTTGTATCTGGCTCC Root
Primers for reference genes in Brassica oleracea.

Gene Forward primer ('5 to 3') Reverse primer (‘3 to 5') Tissue
SAR1a ATCTCTAGCCACCGTTCCCT TTCCTGACGATGCTGCACAT Leaf/Root
Btub GTCAAGTCCAGCGTCTGTGA TCACACGCCTGAACATCTCC Leaf/Root
Act-2 ACATTGTGCTCAGTGGTGGA TCTGCTGGAATGTGCTGAGG Leaf/Root
PER4 TATCCTCTGCAGCCTCCTCA ACACACAGACTGAAGCGTCC Leaf/Root
GADPH GCTACGCAGAAGACAGTTGATGG TGGGCACACGGAAGGACATAC Leaf/Root
EFla GGTACCTCCCAGGCTGATTG TCAGGTAKGAAGACACCTCCTTG  Leaf/Root
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Figure S1 Relative abundance of bacterial (@) and fungal (b) phyla in rhizospheres of plants
exposed to herbivory, rhizobacterial inoculation or a combination.
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Figure S2 Relative expression of LOX2 (a) and MYB28 (b) in leaves of Brassica oleracea
plants grown in soil conditioned by conspecific plants exposed to herbivory, rhizobacterial
inoculation or a combination. In the conditioning phase, B. oleracea plants were infested
with Brevicoryne brassicae, Plutella xylostella or Delia radicum, inoculated with
Pseudomonas simiae WCS417, or infested with D. radicum and inoculated with P. simiae.
Plants were removed and the same soil was used to grow new B. oleracea plants. After three
weeks of growth, half of these plants were infested with D. radicum (x-axis). All bars are
set relative to the gene expression levels in leaves from plants grown in non-conditioned
soil and were non-infested (white bar). Bars show mean + SE; different letters are
significantly different from one another, within control (Roman alphabet) or D. radicum
infested (Greek alphabet) samples (Tukey's HSD, a = 0.05). Soil: soil conditioning
treatment; D. radicum: D. radicum infestation treatment, NS; Not significant, GLM;
Generalized Linear Model. N = 3 or 4 replicates of pools of three plants.
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Supplemental methods: Delia radicum biomass assessment

To assess performance of D. radicum while the larvae are still
within the primary root, we developed species-specific primers. As the
goal was to be able to measure low quantities of D. radicum biomass
within cabbage roots, RNA of the 18S ribosomal subunit was targeted.
During in silico primer development, specificity of D. radicum primers was
optimized by testing specifically for BLAST hits on Sciaridae, Nematoda,
Fungi and B. oleracea; as these are hypothesized to be the most common
non-target organisms in our samples
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
One primer pair was further tested (Table S3).

Table S3 Delia radicum specific primer pairs.

= ' [ - ' ' Product
Gene Forward primer ('5 to 3') Reverse primer ('3 to 5') size (bp)
18S GCAAGATCGTTATTATGGTTGAACTCT GAACCCTGATTCCCCGTTACC 126

Stability of primers across different life stages of Delia radicum
was confirmed by testing primers on cDNA extracted from neonate larvae,
2- and 3-week-old larvae and pupae (Fig. S4). Delia radicum RNA was
extracted with Isolate II Plant RNA kit (GCbiotech, the Netherlands)
following the manufacturer’s instructions. RNA was converted to cDNA
using cDNA Synthesis Kit (SensiFAST, Bioline). Quantitative polymerase
chain reaction (qPCR) analysis was performed to test transcript levels of
genes of interest (CFX96™ Real-Time System, Bio-rad, Hercules, CA,
USA). Expression data was processed using gBase and data analyzed in
R. Gel electrophoresis and melt curves indicated no non-target products
of different lengths. Expression was stable across life-stages for each
primer.

To assess the ability of this novel technique to discriminate
between different larval densities in planta, 3-week-old B. oleracea plants
were induced with 2, 4, 6, 8, 10 neonate D. radicum larvae. After 24 h,
primary roots were harvested by uprooting the plants, cutting off
secondary roots, and freezing the samples directly in liquid nitrogen.
Samples were pooled for three plants. Analysis was performed as
described above.
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Figure S4 (a) Relative gene expression of D. radicum 18S in life stages of D. radicum; (b)
the relative quantity of D. radicum 18S. Bars show mean + SE; different letters are
significantly different from one another. GLM; Generalized Linear Model. N = 4 insect
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Reprise: The aim of this thesis

A plant’s health depends on interactions with an intricate and
complex web of macro- and microorganisms living in the soil as well as in
or on aboveground tissues (Berendsen et al., 2012; Stam et al., 2014;
Rolfe et al., 2019). Certain bacterial species, termed plant growth
promoting rhizobacteria (PGPR), that occur in the soil microbial
community have shown to promote plant health by stimulating growth
and plant defense (van der Heijden et al., 2008). Growth is stimulated by
microbial production of plant growth regulators, and/or improvement of
plant nutrition by supplying and facilitating nutrient uptake from the soil
(Lugtenberg & Kamilova, 2009; Yang et al., 2009; Hayat et al., 2010).
PGPR further have been shown to alleviate plant stresses by priming plant
defense against an impending attack from pathogens or insect herbivores.
This priming allows a plant to respond more quickly and effectively to an
actual attack, which then results in a lower performance of the attacker
and a better overall performance of the plant (Beneduzi et al., 2012;
Pieterse et al., 2014).

Plants respond to herbivory with changes in chemical,
physiological, and morphological traits (Ohgushi, 2005; Stam et al.,
2014). For plant defense induction, an important factor is attacker identity
(Bonaventure, 2012), which governs the specific plant defense and
hormonal response. Chewing insects induce defenses that are mainly
regulated by the phytohormone jasmonic acid, whereas phloem-feeding
insects generally induce defenses that are regulated by the phytohormone
salicylic acid (Erb et al., 2012b). The two phytohormones activate
intricate signal transduction pathways. These pathways are also
instrumental in the rhizobacterial priming of plant defense (Conrath,
2011; Pieterse et al., 2014). Phytohormones and their corresponding
pathways are additionally involved in the recruitment of soil bacteria
through root exudations (Kim et al., 2016; Sasse et al., 2018). Chapter
2 further focuses on the bi-directional plant-mediated interactions
between rhizobacteria and herbivorous insects.

Prior to the studies presented in this thesis, no research had
focused on the rhizobacterial effects on the growth and resistance of
cabbage plants, Brassica oleracea, towards shoot- and root-feeding
insects. Therefore, the aim of this thesis was to explore how B. oleracea
plants respond to the rhizobacterium Pseudomonas simiae WCS417r and
how these plant responses affect several insect herbivores. Plants were
grown in a greenhouse to investigate how different delivery methods of
rhizobacteria affect plant defense such as addition of rhizobacteria to the
soil (chapter 3) or addition of the rhizobacteria to seeds before sowing
(chapter 4). Specifically, in chapter 3 I investigated the effects of P.
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simiae mixed into the soil on B. oleracea plant growth and defense against
the root chewer Delia radicum and the leaf feeders Plutella xylostella and
Mamestra brassicae. In chapter 4 I examined the effects on plant growth
and resistance by adding the rhizobacteria to the seeds instead of the soil.
Although seed bacterization has been shown to promote plant growth in
oilseed rape and maize (Abuamsha et al., 2011a; O'Callaghan, 2016;
Singh et al., 2020), I did not find increased growth of cabbage plants
grown from bacterized seeds, compared to plants grown from sterilized
seeds. The seed bio-priming technique still is an interesting technique due
to being scalable and accessible to farmers. It could be that the protocol
used in chapter 4 needs optimization to result in plant growth promotion.
Rather than to further work on the development of seed bacterization
optimization, I focused on the insect performance results from chapter 3
in chapter 5, in which I reported on plant responses to dual herbivore
attack and rhizobacterial soil inoculation, using D. radicum and P.
xylostella as plant attackers. In chapter 6 I went in-depth to focus on B.
oleracea rhizosphere microbiome changes after shoot- and root
herbivory, and explored how rhizobacteria added to the soil as well as
insect herbivory affected the plant’s rhizosphere microbiome composition.
These microbiome compositional changes were then further assessed
through assessing growth and defense in a second set of B. oleracea
plants.

In the present chapter I aim to connect the results of the individual
chapters, and discuss important aspects of this thesis and rhizobacteria-
plant research.

Rhizobacteria: from laboratory studies to field application
Plant growth medium — an important factor

In plant-bacteria research the choice of plant growth medium
determines the nature of the research. Mechanistic mode-of-action
research commonly studies the model plant Arabidopsis thaliana on
nutrient agar (for example (Allard-Massicotte et al., 2016; Pangesti et al.,
2016; Asari et al., 2017; Pangesti et al., 2017; Witzel et al., 2017;
Stringlis et al., 2018)). Alternatively, plants may be grown gnotobiotically
in a nutrient solution in wells (Haney et al., 2015; Stringlis et al., 2018).
In agar plates, the exposed root tips are inoculated with a purified
bacterial culture in a gnotobiotic environment, which allows confirmation
of proper biofilm formation and subsequent colonization compared to
roots in soil. These experiments often show a reproducibility that is
relatively high compared to experiments involving soil, due to lack of
microbial competition and other variable soil factors. However, responses
of plants grown on agar may not be comparable to those of plants grown
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in soil. Rhizobacterially induced plant growth promotion differs between
A. thaliana plants grown on plates compared to plants grown in soil (Ryu
et al., 2005). Hence, agar as a plant growth medium is unsuitable to
simulate plant growth and rhizobacterial promotion in soil.

Sterilized soil might offer a suitable in-between, separating agar
and soil as plant growth medium in terms of complexity of biotic and
abiotic factors in rhizobacteria-plant experiments. Soil sterilization
possibly may aid in rhizobacterial establishment, providing a non-
competitive zone for the bacteria to inhabit (van Veen et al., 1997; Li et
al., 2019). In non-sterilized soil, the numbers of rhizobacteria have been
observed to diminish quickly (van Veen et al., 1997). However, the
assumption that rhizobacterial colonization is successful to a higher
degree in sterilized soil, thereby providing increased plant growth
promotion, is yet to be proven.

Soil sterilization itself can influence plant growth (Mahmood et al.,
2014), and further interact with rhizobacterial plant growth promotion.
Root respiration, an indicator of root growth, increased in Cerasus
sachalinensis after addition of the rhizobacterium Staphylococcus sciuri
to the soil (Zhou et al., 2015). Sterilization in itself did not affect plant
growth in this plant species. Yet, the use of sterilized soil canceled out the
promotional effects of PGPR addition on root respiration rate (Zhou et al.,
2015). Moreira and colleagues (2019) used zinc-contaminated soil to
examine the effect of rhizobacterial addition to sterilized and non-
sterilized soil with either Ralstonia eutropha 1C2 or Chryseobacterium
humi ECP37. The use of sterilized soil increased maize shoot biomass and
decreased root biomass compared to plants in non-sterilized soil (Moreira
et al., 2019). Rhizobacterial inoculation in non-sterile soil increased shoot
but not root biomass, whereas rhizobacterial inoculation in sterile soil
increased both root and shoot biomass (Moreira et al., 2019). These
results are interpreted as soil sterilization differently affecting the effect
of rhizobacterial inoculation on plant growth. Further, soil sterilization
techniques may also differ in their effects on soil nutritional status (Berns
et al., 2008). Hence, employment of sterilized soil in the experiments of
this thesis may have influenced the rhizobacterially induced plant growth
promotion. Sterilized soil is commonly used in experiments investigating
the effects of rhizobacterial addition to plants, but rarely examined or
discussed as an influential soil factor.

Unpredictability of rhizobacterial addition to soil in field applications

Soil is a highly heterogeneous material that contains a plethora of
bacterial species. The many bacterial species can interact with soil biotic
and abiotic factors, such as soil pH, soil water content, or its macrofauna.
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These soil factors affect a wide range of plant and bacterial responses,
which contributes to variable application success to promote growth
and/or defense through rhizobacterial priming. One additional factor that
contributes to context-dependent responses is the species’ genetic make-
up, both of the plant as well as the rhizobacteria.

Genetic identity can determine the compatibility between plant
species and rhizobacterial strain. For example, two different PGPR strains,
P. fluorescens GM30 and P. fluorescens Pf-5, can provide strain-specific
responses in sugar- and nutrient-signaling, calcium signaling, and auxin
metabolism of A. thaliana (Weston et al., 2012). The same rhizobacterial
strain can differently affect several plant species. The PGPR strain P.
fluorescens LBUM677 differently affected soybean, canola and corn
gromwell (Buglossoides arvensis) in terms of biomass and seed
production (Jimenez et al., 2020). Genetic variation within a plant species
also affects rhizobacterial colonization. In A. thaliana the same bacterial
strain can have different degrees of effectiveness depending on the
accession tested for growth promotion (Wintermans et al., 2016). This
diversification in plant colonization capacity can lead to variation in plant
resistance towards pathogens (Haney et al., 2015). Plant genetic
variation can also be reflected in diversification in plant defense responses
(Gols et al., 2008), which can further increase the variability between
plant-microbe-insect interactions. How genetic variation of each
participant interacts with soil factors and herbivory will be engaging
questions to further unravel.

For successful field application of PGPR to promote plant growth,
not only must there be genetic compatibility, but also sufficient
colonization in the rhizosphere community and biofilm formation on the
plant itself. The structure of the native soil microbial community may be
essential for rhizospheric acceptance of inoculum. The native community
residents may outcompete the inoculum microbe species (Hibbing et al.,
2010), leading to a rapid decline of inoculum species (van Veen et al.,
1997; Compant et al., 2010). However, if the inoculum species is already
present in the soil, there may be an established ecological niche for the
inoculum to expand its population size. Non-native bacteria such as an
inoculum, may be more likely to disrupt the present community, and
cause antagonistic effects on the present community resulting in
decreased plant growth (Gadhave et al., 2016b). The particular
rhizospheric rejection or acceptance of inoculum may be seen in
assessments of plant biomass, namely larger size variation. Calabrese B.
oleracea var. italica plants varied more in size after rhizobacterial addition
of Bacillus amyloliquefaciens, B. subtilis and B. cereus compared to non-
inoculated plants (Gange & Gadhave, 2018). As the rhizosphere is
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considered one of the most dynamic places on earth (Philippot et al.,
2013), communities of microbial species as well as their competition
and/or cooperation in the rhizosphere are hugely complex. Teasing apart
the microbe’s roles in the community could be achieved with the help of
rhizobacterial ecology modelling (Strigul & Kravchenko, 2006; Muci et al.,
2012), but the task is monumental and will take some time to be fully
mapped and understood.

In the rhizosphere, the relative bacterial abundance may play a
role in activation of plant promotion and defense. PGPR B. pumilus WP8
population declined after soil inoculation, but still promoted fava bean
Vicia faba growth (Kang et al., 2013). Instead of directly promoting plant
growth, the inoculation affected the soil bacterial community structure
which in turn might have contributed to growth promotion (Kang et al.,
2013). The role of strain-specific bacterial relative abundance as a main
driver for plant growth promotion may be limited. Likely, relative
abundance driving plant colonization and subsequent growth promotion
would result in more successful field inoculum applications.

Interestingly, it may be that rhizobacterial promotion of plant
growth is most effective in stressed soils, or soil with low organic matter
content (Martinez-Viveros et al., 2010). Indeed, studies conclude a
greater advantage of plant growth promoting effects during plant abiotic
stresses (Rubin et al., 2017; Schutz et al., 2018). If the same patterns
can be found for biotic stresses is yet to be discovered. It is possible that
plants maintain a rich microbial diversity around their roots to be able to
recruit specific microbes to aid in stressed situations. For the plant, this
would involve balancing fitness costs between possible benefits gained
through microbial cooperation, and fitness costs of maintaining the
diversity, as well as with possible fitness costs from defending against
detrimental microbes (Gadhave et al., 2016b).

Confirmation of strain inoculum in plant rhizosphere bacterial
communities

Plants alter their root exudations which in turn affects their
rhizosphere microbiome. How the plant root-associated rhizosphere
microbiome is affected by herbivore attack was examined in chapter 6.
Specifically, this chapter examined how rhizobacterial addition and/or
herbivore attack alter plant microbe community. The analysis from unique
Amplicon Sequence Variants (ASV “s) differed between plants attacked by
shoot- or root-feeding insect herbivores. The manipulation of the
rhizosphere microbiome with added rhizobacteria was not detectable in
the rhizosphere analysis. Likely, inoculum addition altered a few
important soil species through competition with native species. The
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conclusions from chapter 6 were that insect attack leads to larger
rhizosphere microbiome changes than rhizobacterial addition alone.
These results can be interpreted as an inability to detect small differences
possibly resulting from rhizobacterial addition in the overall rhizosphere
microbiome community in the field, where the plant is exposed to multiple
stresses such as insect herbivory, or an indication of strong competition
between the inoculum and the resident microbiota.

Rhizobacterial studies focusing on plant performance or insect
performance, often exclude a rhizospheric bacterial community
assessment (Martinez-Viveros et al., 2010; Rilling et al., 2019). In my
thesis I present an overview which shows the low number of studies that
include bacterial community assessment compared to the number of
studies without bacterial community assessment, in the context of
rhizobacterial modifications of plant-insect interactions. New interesting
tools for microbial community tracking in soil and solutions have been
developed (Krzyzanowska et al., 2012; Massalha et al., 2017), but find
limited application so far.

A recent interesting paper suggests biases from sampling of soil
microbial community assessments (Tkacz et al., 2020). The authors
suggest that differences found in the literature between rhizosphere
microbiomes is more dependent on sampling procedures, rather than
large actual differences between plant species microbiomes. Due to root
architecture differences dependent on e.g. soil water and nutrient
availability, different amounts of soil or microbial biofilm stick to the roots.
As the microbial difference is greater depending on the distance from the
root surface, sampling too much of bulk soil may therefore skew results
of soil microbiome analyses. These fascinating new notions still need to
be confirmed through additional experiments.

Plant-microbe communication — MYB72 gene expression

MYB72 is an interesting gene in plant-rhizobacterial studies, as it
has been identified in A. thaliana to be a node in plant-rhizobacterial
communication (Segarra et al., 2009; Pieterse et al., 2014; Romera et
al., 2019). However, in other plants it has not been investigated whether
MYB72 fulfils a similar function in plant-rhizobacteria communication. In
both A. thaliana and tomato, MYB72 is active in the plant response to iron
deficiency (Palmer et al., 2013; Asins et al., 2020). Whether there is a
link between iron deficiency response and MYB72, and plant-rhizobacteria
communication in other plants is unknown. In chapter 6, I targeted the
homologue of the A. thaliana MYB72 gene in B. oleracea, with the aim to
confirm a role in rhizobacterial colonization similarly to the A. thaliana-
rhizobacteria system. In this chapter, plants were subjected to different
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treatments, including P. simiae inoculation. After two weeks, plants were
removed, and a set of new plants were grown in the same soil. The second
set of plants were sampled for gene expression after three weeks. The
results showed no correlation between upregulation of MYB72 expression
and P. simiae inoculation of the first set of plants. On the other hand, if
MYB72 upregulation would have been found, this would not unequivocally
link this gene to P. simiae WCS417r inoculation, as other soil bacteria
could be the cause. In addition to the measurements in chapter 6, I
examined B. oleracea seedlings grown in agar plates with root tip
rhizobacterial inoculation, to test whether induction of MYB72 was
upregulated with inoculation compared to expression in non-inoculated
plants (unpublished). I found no MYB72 upregulation after P. simiae
inoculation. It may be that the MYB72 homologue has other functions in
cabbage than in A. thaliana. Alternatively, rhizobacteria-plant
communication uses a different pathway in cabbage. Altogether, a
different marker gene for rhizobacterial colonization is needed for
cabbage. It will be interesting to see whether plants other than A. thaliana
use a homologue of this gene, or if alternative communication pathways
operate in plant-rhizobacteria communication.

Rhizobacterial interactions with insect herbivores mediated by
the plant

In this thesis I investigated the insect D. radicum and assessed its
performance on B. oleracea plants. In chapter 3, I surprisingly recorded
enhanced performance of D. radicum when the insects fed on plants
grown on inoculated soil compared to performance of insects that feed on
plants grown on mock-inoculated soil. In chapter 4, the performance of
D. radicum was in one experiment increased, whereas the other
experiment showed similar fly weight in response to feeding on plants
grown from rhizobacterially bacterized or water-soaked seeds. In chapter
6, D. radicum emergence was increased when feeding on plants that grew
in soil previously conditioned by plants attacked by D. radicum and
inoculated with P. simiae, compared to plants that grew in soil previously
conditioned by plants attacked only by D. radicum. In unpublished
experiments, I examined D. radicum preference between pieces of turnip
dipped in rhizobacterial solution and water-dipped pieces of turnip. The
neonate larvae preferred rhizobacteria-dipped turnips over water-dipped
turnips after 24 h. Together, these results can be understood as
representing a benefit for D. radicum performance from P. simiae soil
inoculation.

Previously only a few studies have been performed which include
both rhizobacteria and root herbivores. Rhizobacteria negatively affected
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the South American corn rootworm Diabrotica speciosa performance
when feeding on plants inoculated with the rhizobacterium Azospirillum
brasilense compared to non-inoculated plants (Santos et al., 2014). The
contrast between the latter study and the results presented in this thesis,
suggests differences between insect species, plant species and/or
rhizobacterial strain. In addition, the plant genotype can influence D.
radicum performance. Insect survival was altered depending on the
cabbage population studied (van Geem et al., 2015). It would be
interesting to learn whether D. radicum can benefit from addition of other
rhizobacterial strains as well, and how these possible benefits affect
interactions with plant genotypes.

Two other insects included in this thesis were P. xylostella and M.
brassicae. The performance of P. xylostella and M. brassicae was
examined in chapters 3 and 4, and P. xylostella performance in the dual
herbivore experiment included in chapter 5. The results for P. xylostella
varied. On the one hand, the results in chapter 3 show a negative effect
on P. xylostella when adding P. simiae to soil. On the other hand, I found
no negative effect from P. simiae soil inoculation on P. xylostella in
chapter 5, where the insect weight was similar when feeding on inoculated
or non-inoculated plants. These results suggest a stronger context
dependency for the performance of P. xylostella compared to the
performance of D. radicum. Perhaps there are unknown factors
influencing P. xylostella performance that have a stronger effect than
rhizobacteria-inoculated soil.

Regarding the performance of M. brassicae, results in both
chapters 3 and 5 show that larval performance was not affected by adding
P. simiae to the soil. Previous research on A. thaliana plants with this
species showed that M. brassicae larval performance depends on soil
composition ranging from decreased performance to increased
performance, compared to control herbivore performance (Pangesti et al.,
2015a). Hence, not only soil composition, but also plant species
contributes to M. brassicae performance when feeding on plants
inoculated with P. simiae.

Other parameters than insect performance could be affected by
feeding on or sensing a rhizobacterially inoculated plant. These
parameters could include oviposition choice, host plant choice, or ingested
amount of plant tissue. Chapter 5 in this thesis showed rhizobacterial
inoculation to reduce the amount of consumed leaf area by feeding P.
xylostella compared to leaf area consumed by insects feeding on non-
inoculated plants. Whether the decrease in consumed leaf area was
caused by higher nutritional quality of the leaves is unknown. Previous
literature shows that rhizobacteria can alter herbivore insect choice for its
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host plant (Zehnder et al., 1997; Santos et al., 2014; Grunseich et al.,
2020). In addition, interesting field studies show that the insect
community changes after rhizobacterial addition to rice grown in field
plots (Commare et al., 2002), and B. oleracea grown in fields (Gadhave
et al., 2016a). In this thesis the insects were restricted to a single plant,
providing no further insight into their host-plant choice. Nonetheless, the
insect could move freely on the plant, to encourage a more natural
feeding behavior compared to other commonly used research set-up
methods such as clip-cages or detached leaves.

In conclusion, in this thesis I found varied effects of rhizobacterial
addition on insect performance via plant mediated effects. Insect
performance depended on the rhizobacterial delivery method, and the
biotic and abiotic history of the soil.

Thesis limitations

This thesis focused on biomass of shoots, which limits the
knowledge of rhizobacterially induced biomass changes to the shoot. In
additional studies on seedlings grown in agar plates, I found that B.
oleracea seedlings have larger root biomass after rhizobacterial root tip
inoculation compared to root biomass from mock-inoculated seedlings
(unpublished). In soil, cabbage roots are thin and difficult to harvest in
intact state. Future experiments could grow B. oleracea in different
potting materials, e.g. roots growing in sand may be easier to extract.
However, these materials may differ in water content or oxygen
availability, possibly modifying native microbial community and
subsequent inoculum colonization success.

Confirmation of the presence and abundance of the inoculum
strain was included as a result in chapter 3, through selective plate colony
count. Microbial measurements and colonization confirmation was
uninformative due to not yet identified factors in chapters 4 and 5, and
therefore not disclosed within this thesis.

Conclusions and future perspectives

Plants interact with macro- and microorganisms, some organisms
being detrimental, others beneficial to plant health (Berendsen et al.,
2012; Stam et al., 2014; Rolfe et al., 2019). Some beneficial microbes
have potential to increase plant growth and defense of their host plant
(Mhlongo et al., 2020). Rhizobacteria have been shown to influence plant
defense against insect herbivores via plant mediated effects (Pangesti et
al., 2015b). Rhizobacterially induced growth promotion and plant defense
are interesting features to apply to agricultural crop plants. To employ
microbes in agriculture, the microbes need to have predictable effects on
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the host plant’s performance. The context dependencies between plant,
microbe and insect, which appear from the present study and the
literature may pose difficulties to application in agriculture.

Microbial application in agriculture requires understanding of soil
and plant factors. Colonization success depends on biotic and abiotic soil
factors affecting inoculum establishment. Genetic variation within plant
species and rhizobacteria may further increase variation in colonization
success. In turn, these variations in colonization success can lead to
discrepancies in rhizobacteria- induced plant defense. I see several areas
of special interest that may advance this field or research:

Is there a threshold bacterial concentration to induce systemic

resistance against insects? A bacterial concentration threshold is

known for induced systemic resistance against Fusarium
oxysporum in radish (Raphanus sativus) inoculated with the
strains Pseudomonas putida WCS385 and P. fluorescence WCS374

(Raaijmakers et al., 1995). However, how other plant species,

bacterial strains and soils affect this threshold value is unknown.

In addition, this study involves a pathogen, whereas bacterial

threshold values for insect herbivore-induced resistance are not

known. Microbial soil communities can also allow a general
protection against soil-borne pathogens, this phenomenon is
called disease suppressive soil (Exposito et al., 2017). Can
microbial soil communities collectively also feature a general insect
herbivory suppressiveness, j.e. is there an “insect suppressive

soil”? (Hokkanen & Menzler-Hokkanen, 2018).

How are rhizobacteria-plant-insect interactions affected by

fertilizers? Plants under higher soil nutrient stress may be more

likely to associate with beneficial microbes. May then the usage of
beneficial microbes be combined with fertilizers in industrialized
agriculture? Some studies suggest a combination is possible to
reduce fertilizer amount (Adesemoye et al., 2009; Sripontan et al.,

2014), but to what extent is still unclear. However, insects are

generally benefited by fertilizers (Butler et al., 2012). Does a

combination of fertilizers and beneficial microbes affect insect

performance?
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These questions build on the results and outcomes of this thesis.
The results presented demonstrate that the status of the soil influences
plant-rhizobacterial interactions (sterilized or non-sterilized), together
with the delivery method of the bacteria (added into soil or on the seed),
and the legacy effects from previously grown plants in the same soil are
important in the plant-rhizobacteria interaction. Inoculated soil with P.
simiae in which B. oleracea plants grow influenced the performance of D.
radicum positively. Moreover, P. simiae treatment influenced the
performance of P. xylostella and M. brassica negatively, or did not affect
the performance of the insects. Such differential treatment effects should
be considered when applying a rhizobacterium in pest management.
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Soils contain a multitude of microbes, including plant pathogens
as well as microbes that benefit plant health. The beneficial microbes
include root-colonizing bacteria that can promote plant growth. These
bacteria also can trigger a resistance mechanism called induced systemic
resistance, which provides the whole plant with a faster and stronger
response when the plant is attacked. This thesis explores the effects of
adding a specific rhizobacterium on plant growth and plant resistance
against herbivorous insects. By using cabbage, Brassica oleracea, this
thesis aims to investigate (1) plant responses to addition of the
rhizobacterium Pseudomonas simiae WCS417r, and (2) how common
cabbage-associated insect herbivores respond to the bacterial addition via
plant-mediated effects.

Chapter 2 presents a literature review on the bi-directional effects
of plant-insect-rhizobacteria interactions. Although previous literature
reviews have discussed rhizobacterial effects on plant growth, few
explicitly focused on plant resistance against insects. This review explored
how herbivorous insects and their communities are affected by
rhizobacterial addition through modification of plant resistance. In
addition, the literature study includes a novel focus to the field on how
insect feeding affects root-associated bacterial communities.

Although rhizobacteria have shown to increase plant growth
and/or resistance against an herbivorous insect, only a few crops and
insect species have so far been investigated. In chapter 3, I expand the
knowledge on plant responses and plant resistance against herbivorous
insects when the soil has been inoculated with rhizobacteria. After
growing cabbage (B. oleracea) in sterilized or P. simiae-inoculated soil, I
infested the plants with larvae of the cabbage moth Mamestra brassicae,
the diamondback moth Plutella xylostella, or the cabbage root fly Delia
radicum. The rhizobacterial soil inoculation resulted in an increased
aboveground plant biomass compared to biomass of plants growing in
non-inoculated soil. Furthermore, the inoculation affected insect
performance. Inoculation decreased P. xylostella biomass and increased
D. radicum biomass, when insects fed on plants grown on rhizobacterially
inoculated soil, compared to plants grown on non-inoculated soil.
Mamestra brassicae biomass was similar on plants grown on inoculated
and non-inoculated soil. Taken together, these results indicate that insect
herbivores have species-specific responses when feeding on plants
growing in rhizobacteria-inoculated soil.

Instead of mixing rhizobacteria into the soil, or pouring a
rhizobacterial solution on the soil, the bacteria can be disseminated
together with the seed. This can be done through biopriming: the seeds
are hydrated together with a bacterium in liquid, but removed from the

148



liquid before the seed radicle appears. This method has rarely been
considered with respect to plant-insect interactions. I assessed B.
oleracea’s growth and resistance against herbivorous insects, when grown
from seeds bacterized with P. simiae (Chapter 4). Aboveground plant
biomass was similar between plants grown from bacterized seeds and
water-soaked seeds. The performance of larvae of M. brassicae and P.
xylostella was similar when feeding on plants grown from either
bacterized seeds or water-soaked seeds. No conclusions could be drawn
on the performance of D. radicum, when the insects were feeding on
plants grown from bacterized seeds or water-soaked seeds. These results
indicate that the choice of method for rhizobacterial dissemination is
influencing the effect on cabbage plant growth. Furthermore, compared
to soil inoculation, rhizobacterial bacterization of seeds may affect plant-
insect interactions to a lesser extent.

In chapter 5, I explored the rhizobacterial plant resistance
modification of B. oleracea using co-feeding by two insect herbivores and
soil inoculation in a factorial experiment. Here, the shoot feeder P.
xylostella and the root feeder D. radicum were simultaneously attacking
the same host plant. The plants were grown in sterilized soil with
inoculated P. simiae. The inoculation increased plant aboveground
biomass compared to biomass of plants grown in non-inoculated soil.
Furthermore, inoculation decreased the measured consumed leaf area by
P. xylostella compared to consumed leaf area from plants grown on non-
inoculated soil. However, insect biomass was similar when feeding on
inoculated or non-inoculated plants. Plutella xylostella biomass decreased
when co-feeding with D. radicum, regardless of rhizobacterial soil
inoculation. The extent of root damage by D. radicum feeding singly was
similar as after co-feeding with P. xylostella. From these results I conclude
that rhizobacterial soil inoculation can influence the consumed leaf area
by the herbivore.

The final experimental chapter, chapter 6, focused on rhizosphere
microbial alterations after herbivore infestation and rhizobacterium
inoculation, and how these community alterations affect the growth and
resistance of plants growing consecutively in the conditioned soil. Brassica
oleracea plants were infested with the herbivores Brevicoryne brassicae,
P. xylostella, D. radicum, or D. radicum plus P. simiae soil inoculation, or
only with P. simiae soil inoculation. The rhizosphere was sampled after
two weeks of plant growth and soil conditioning. After the plants and
insects were removed, the soil was used to grow a new set of B. oleracea
plants. The second set of plants were assessed for growth and resistance
against D. radicum. A principle component analysis clustered the
microbiome mainly into groups according to herbivore feeding location,
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i.e. the shoot- and root feeders, but did not separate the inoculated
plants’ microbiome from the control plants’ microbiome. Assessment of
the second set of plants showed that soil conditioning affected plant
growth and resistance in a treatment-specific way, but not according to
previous herbivore shoot- or root feeding location. The results suggest
that specific members, and not the complete microbial community, are
responsible for alterations in the plant defense.

This thesis contributes to fundamental as well as applied
knowledge of how rhizobacterium addition to plants affects plant growth
and defense against herbivorous insects, with a focus on cabbage, B.
oleracea. Taken together, the research presented shows a context
dependency of the effects of rhizobacterium addition on plant growth
promotion, as well as rhizobacterial increase in plant resistance to insects:
the method of rhizobacterial dissemination and the identity of the
herbivorous insect affect the rhizobacterial effects on insects via plant-
mediated effects. In general, measuring the outcomes of insect-plant-
microbe interactions is complex and time-consuming, calling for
simplifications such as utilizing specialized plant growth media. Yet for a
successful rhizobacterium application to promote crop health within
agriculture, more knowledge is required from field studies. Many answers
to questions on how and when to add microbes are still unknown.
However, such answers are needed to optimize bacterial plant growth
promotion for many species and environments, particularly answers
regarding soil type and soil nutrient status will be instrumental to optimize
bacteria-assisted agriculture.
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Samenvatting

Bodems bevatten een veelvoud aan microben, waaronder
plantpathogenen en microben die de gezondheid van planten ten goede
komen. Deze nuttige microben zijn onder meer wortel-bewonende
bacterién ofwel rhizobacterién die de groei van planten kunnen
bevorderen. Naast het verbeteren van de plantengroei, kunnen
verschillende van deze bacteriesoorten de systemische plantafweer tegen
aanvallers verbeteren. Deze bacterién activeren een mechanisme,
geinduceerde systemische resistentie, waardoor de hele plant een
snellere en sterkere afweerreactie vertoont wanneer de plant wordt
aangevallen. Dit proefschrift onderzoekt de effecten van het toevoegen
van een specifieke rhizobacterie op plantengroei en plantresistentie tegen
plantenetende insecten. Door het gebruik van kool, Brassica oleracea, is
het doel van dit proefschrift de reacties van planten op verschillende
methoden van toevoeging van de rhizobacterie Pseudomonas simiae stam
WCS417r te onderzoeken, zowel als de reacties van algemeen op
koolplanten voorkomende insecten op de bacteriéle toevoeging via plant-
gemedieerde effecten.

Hoofdstuk 2 presenteert een literatuuronderzoek naar de bi-
directionele effecten van plant-insect-rhizobacteriéle interacties. Hoewel
eerdere literatuuroverzichten de effecten van rhizobacterién op
plantengroei hebben besproken, waren er maar weinig die expliciet
gericht waren op de afweer van planten tegen insecten. In dit overzicht
werd onderzocht hoe herbivore insecten en insectengemeenschappen
worden beinvloed door toevoeging van rhizobacterién en de effecten
daarvan op de afweer van planten. Daarnaast bevat de literatuurstudie
ook een nieuwe focus op hoe voedselopname van insecten de
rhizobacteriéle gemeenschap beinvloedt.

Hoewel is aangetoond dat rhizobacterién de plantengroei en/of
resistentie tegen een herbivoor insect verhogen, zijn tot nu toe slechts
enkele gewassen en insectensoorten onderzocht. In hoofdstuk 3 vergroot
ik de kennis over plantresponsen en plantafweer tegen herbivore insecten
met betrekking tot rhizobacteriéle bodeminoculatie. Na het kweken van
koolplanten in gesteriliseerde of met P. simiae geinoculeerde bodem,
stelde ik de planten bloot aan vraat door larven van de kooluil Mamestra
brassicae, de koolmot Plutella xylostella of de koolwortelvlieg Delia
radicum. De toevoeging van rhizobacterién aan de bodem resulteerde in
een verhoogde bovengrondse plantenbiomassa in vergelijking met
biomassa van niet-geinoculeerde planten. Bovendien had de
rhizobacteriéle inoculatie invloed op de groei van insecten. Inoculatie
verminderde de biomassa van P. xylostella en verhoogde de biomassa
van D. radicum, wanneer insecten aten van rhizobacterieel geinoculeerde
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planten in vergelijking met niet-geinoculeerde planten. De biomassa van
Mamestra brassicae was vergelijkbaar op geinoculeerde en niet-
geinoculeerde planten. Alles bij elkaar geven deze resultaten aan dat
herbivore insecten soort-specifieke reacties laten zien wanneer ze zich
voeden met planten geinoculeerd met rhizobacterién in de bodem.

In plaats van rhizobacterién door de grond te mengen of een
rhizobacteriéle oplossing op de grond te gieten, kunnen de bacterién
samen met het zaad worden verspreid. Dit kan door middel van
‘biopriming”: de zaden worden samen met een bacterie in vloeistof
gehydrateerd, maar uit de vloeistof gehaald voordat de kiemwortel
verschijnt. Deze methode is zelden overwogen met betrekking tot
interacties tussen planten en insecten. Ik heb de groei en afweer van B.
oleracea tegen herbivore insecten onderzocht, wanneer deze was
opgekweekt uit zaden geinoculeerd met P. simiae (Hoofdstuk 4).
Bovengrondse plantenbiomassa was vergelijkbaar tussen planten die
waren gekweekt uit met bacterién in water behandelde zaden en met
alleen water doordrenkte zaden. De groei van de larven van M. brassicae
en P. xylostella was vergelijkbaar wanneer ze aten van planten die waren
gekweekt uit met bacterién behandelde zaden of met water doordrenkte
zaden. Er konden geen conclusies worden getrokken over de groei van D.
radicum, nadat deze zich voedde met planten die waren opgekweekt uit
met bacterién behandelde zaden of met water doordrenkte zaden. Deze
resultaten geven aan dat de keuze van de methode voor de verspreiding
van rhizobacterién het effect op de groei van koolplanten beinvloedt.
Bovendien lijkt rhizobacteriéle inoculatie van zaden, in vergelijking met
bodeminoculatie, de interacties tussen planten en insecten in mindere
mate te beinvioeden.

In hoofdstuk 5 heb ik de rhizobacteriéle modificatie van
plantafweer van B. oleracea onderzocht wanneer twee insecten zich op
de plant voedden na bodeminoculatie, in een factoriéle proefopzet. Hier
vielen de bladvreter P. xylostella en de wortelvreter D. radicum
tegelijkertijd dezelfde waardplant aan. De planten werden gekweekt in
gesteriliseerde grond waaraan P. simiae was toegevoegd. De inoculatie
verhoogde de bovengrondse biomassa van planten in vergelijking met de
biomassa van planten die in niet-geinoculeerde grond werden gekweekt.
Bovendien verminderde inoculatie het geconsumeerde bladopperviak
door P. xylostella in vergelijking met het geconsumeerde bladopperviak
van planten die op niet-geinoculeerde grond waren gekweekt. Het
insectengewicht was echter vergelijkbaar na het voeden op geinoculeerde
of niet-geinoculeerde planten. Het gewicht van P. xylostella nam af bij
gelijktijdige voeding met D. radicum, ongeacht de rhizobacteriéle
bodeminoculatie. De wortelschade veroorzaakt door D. radicum was
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vergelijkbaar voor gelijktijdige bladvraat door P. xylostella en alleen
wortelvraat door D. radicum. Uit deze resultaten concludeer ik dat
rhizobacteriéle bodeminoculatie de hoeveelheid bladvraat kan
beinvioeden.

Het laatste experimentele hoofdstuk, hoofdstuk 6, ging over
microbiéle veranderingen in de rhizosfeer na blootstelling aan herbivoren
en inoculatie met rhizobacterién, en hoe deze veranderingen in de
microbiéle gemeenschap vervolgens de groei van koolplanten
beinvioeden. Brassica oleracea-planten werden blootgesteld aan de
herbivoren Brevicoryne brassicae, P. xylostella, D. radicum of D. radicum
samen met een inoculatie van P. simiae, of alleen geinoculeerd met P.
simiae. De rhizosfeer werd bemonsterd na twee weken plantengroei of
bodeminoculatie. Nadat de planten en insecten waren verwijderd, werd
de grond gebruikt om een nieuwe set B. oleracea-planten te laten groeien.
De tweede set planten werd beoordeeld op groei en resistentie tegen D.
radicum. Een principiéle componentenanalyse clusterde het microbioom
voornamelijk in groepen gerelateerd aan de voedingslocatie, dwz spruit-
of wortelvraat, maar leverde geen onderscheid op tussen het microbioom
van de geinoculeerde planten en dat van de controleplanten. Beoordeling
van de tweede set planten toonde aan dat bodemconditionering de
plantengroei en -afweer op een behandelingsspecifieke manier
beinvloedde, en niet op basis van de voedingslocatie. De resultaten
suggereren dat specifieke leden, en niet de volledige microbiéle
gemeenschap, verantwoordelijk zijn voor veranderingen in de
plantafweer.

Dit proefschrift draagt bij aan zowel fundamentele als toegepaste
kennis over hoe de toevoeging van een rhizobacterie de plantengroei en
de afweer tegen herbivore insecten beinvloedt, met een focus op kool, B.
oleracea. Alles bij elkaar genomen toont het onderzoek dat in dit
proefschrift wordt gepresenteerd, een contextafhankelijkheid aan van de
toevoeging van een rhizobacterie aan de bevordering van plantengroei en
toename van plantresistentie tegen insecten: de methode van de
inoculatie van rhizobacterién en de identiteit van het herbivoor insect
beinvlioeden de rhizobacteriéle effecten op insecten via plantgemedieerde
effecten. In het algemeen is het meten van de interactie tussen insecten,
planten en microben complex en tijdrovend, waardoor vereenvoudigingen
nodig zijn, zoals het gebruik van gespecialiseerde groeimedia voor
planten. Maar voor een succesvolle toepassing van rhizobacterién om de
gezondheid van landbouwgewassen te bevorderen, is meer kennis uit
veldonderzoek nodig. Veel vragen over hoe en wanneer microben moeten
worden toegevoegd, zijn nog onbeantwoord en meer kennis is nodig om
de groei van planten voor veel soorten en omgevingen te optimaliseren.
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Informatie over de invloed van abiotische omgevingsfactoren, zoals
bodemsoorten, en biotische factoren, zoals plant-geassocieerde insecten
of microbiéle gemeenschappen, zal in de toekomst essentieel zijn om de
gewasopbrengst te verhogen.
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Sammanfatting

Jord innehdller en méangd mikrober, inklusive véxtpatogener och
goda mikrober som gynnar vaxtens allmd@nna halsa. Dessa gynsamma
mikrober inkluderar rotkoloniserande bakterier som kan framja vaxtens
utveckling. Férutom att 6ka tillvaxten kan flera av dessa arter av bakterier
forbattra vaxtens fdérsvar mot angripare. Bakterierna utléser en
mekanism, sa kallad inducerad systemisk resistens, som ger hela plantan
ett snabbare och starkare férsvar ndr vdxten attackeras. Denna
avhandling undersdker hur tillsatsen av en specifik bakterie paverkar
véxtens utveckling och dess resistens mot angripande insekter. Genom
att anvdnda k3l (Brassica oleracea) syftar denna avhandling till att
undersdka (1) véxters respons pa tillsatts av rotbakterien Pseudomonas
simiae WCS417r, och (2) hur vanliga med kal férknippade vaxtatande
insekter reagerar pad bakterietinokuleringen via vaxtférmedlade
forandringar.

Kapitel 2 presenterar en litteraturdversikt 6ver dubbelriktade
effekter i interaktionen mellan véxter-insekter-rotbakterier. Aven om
tidigare litteraturgranskningar har diskuterat bakteriella effekter pa
véaxtens utveckling, fokuserar f& pa vaxtféorsvar mot insekter. Denna
litteraturstudie undersodkte hur vaxtatande insekter och insektssamhallen
paverkas av bakteriell berikning genom véxten. Dessutom tillfor
litteraturstudien ett nytt fokus till kunskapsfiltet om p& hur
insektsangrepp paverkar rotférknippade bakteriesamhallen.

Aven om rotbakterier har visat sig 6ka véxtens utveckling och/eller
motstadndskraft mot vaxtdtande insekter, har endast ett fatal véaxt- och
insektsarter hittills undersokts i detta sammanhang. I kapitel 3 breddar
jag kunskapen om vaxtresponser och -resistans mot angripande insekter
i samband med rotbakteriell jordinokulering. Efter att ha odlat kal (B.
oleracea) i steriliserad eller P. simiae-inokulerad jord infekterade jag
vaxterna med larver av kalfly (Mamestra brassicae), kalmal (Plutella
xylostella) eller kdlfluga (Delia radicum). Den bakteriella inokuleringen
resulterade i en 6kad vaxtbiomassa ovan jord jamfért med vaxtbiomassa
fran vaxter som véxte i icke-inokulerad jord. Dessutom paverkade den
bakteriella inokuleringen insekternas utveckling. Inokuleringen minskade
P. xylostellas biomassa och 6kade D. radicums biomassa nar insekter
konsumerade vaxter som vaxt i rhizobakteriellt inokulerade jord, jamfort
med vaxter som vaxt i icke-inokulerad jord. Mamestra brassicaes
biomassa skiljde sig inte mellan inokulerade och icke-inokulerade vaxter.
Sammantaget tyder dessa resultat pa att véxtdtande insekter har en
artspecifik respons nar de konsumerar bakteriellt inokulerade vaxter.

Istallet for att blanda bakterier i jorden, eller vata jorden med en
bakterie-16sning, kan bakterierna spridas tillsammans med fréet. Detta
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kan gbras genom biopriming dar frona hydratiseras tillsammans med en
bakterier i en vatska, men froet avlagsnas fran vatskan innan fréstrdngen
dyker upp. Denna metod har séllan undersékts med avseende pd véxter-
insektsinteraktioner. Jag studerade B. oleraceas tillvaxt och férsvar mot
véaxtdtande insekter, nir de odlades fran frén med biopriming P. simiae
(kapitel 4). Vaxtbiomassa ovan jord var likartad mellan vaxter som odlats
fran bakterie-behandlade fron och vattendrankta frén. Utvecklingen for
M. brassicae och P. xylostella larver var likartad nar de konsumerade
véaxter som odlats frdn antingen bakterie-behandlade eller vattendrénkta
fron. Inga slutsatser kunde dras fran utvecklingen fér D. radicum nar
insekterna konsumerade vaxter som odlats av bakterie-behandlade eller
vattendrankta fron. Dessa resultat indikerar att valet av den bakteriella
spridningsmetoden pdverkar kalvéxtens tillvaxt. Vidare, jamfort med
jordinokulering, verkar rotbakteriell bakterie-behandlade av fron paverka
vaxter-insektsinteraktioner i mindre utstrackning.

I kapitel 5 undersdkte jag modifiering av véxtresistensférmaga
frdn rotbakterier med hjalp av tvd véxtitande insekter som samtidigt
konsumerar samma B. oleracea planta, tillsammans med jordinokulering
i ett faktoriellt experiment. Har attackerade larver av skott-ataren P.
xylostella och rot-ataren D. radicum samma vardvaxt. Vaxterna odlades
i steriliserad jord inokulerad med P. simiae. Inokuleringen 0&kade
vaxtbiomassa ovan jord jamfért med véxtbiomassa ovan jord fran véxter
som odlats pa icke-inokulerad jord. Inokuleringen minskade P. xylostellas
konsumerad bladyta jamfért med P. xylostellas konsumerad bladyta fran
vaxter som odlats pa icke-inokulerad jord. Insektsvikten var dock samma
vid konsumering av vaxter fran inokulerad eller icke-inokulerad jord. P.
xylostellas vikt minskade nar insekterna levde av samma planta som D.
radicum, oavsett bakteriell jordinokulering. Skadorna fran D. radicum var
jamforbara vare sig de konsumerade samtidigt med P. xylostella pa
samma véardvaxt, eller nar de levde sjélva pd véxten. Fran dessa resultat
drar jag slutsatsen att rotbakteriell jordinokulering kan paverka den
konsumerade bladmangden.

Det sista experimentella kapitlet, kapitel 6, fokuserade pa
mikrobiella forandringar i rhizosfaren efter vdxtdtares angrepp och
rhizobacterium-inokulering, och hur dessa férandringar paverkar féljande
véxts tillvéxt. Brassica oleracea véxter infekterades med kalbladlusen
Brevicoryne brassicae, P. xylostella, D. radicum eller D. radicum
tilsammans med en inokulering av P. simiae, eller endast med P. simiae.
Rhizosfaren togs ut och analyserades efter tvd veckors tillvixt och
konditionering av jorden. Efter att vaxterna och insekterna hade
avlagsnats anvidndes jorden for att odla en ny uppséattning av kal. Den
andra uppsattningen véaxter bedémdes med avseende p& utveckling och
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resistens mot D. radicum. En huvudkomponentanalys grupperade
mikrobiomen huvudsakligen i relation till insektens lokalisering, skott- och
rot-konsumenter, men separerade inte de inokulerade véxterna fran
kontrollplantornas mikrobiom. Bedémning av den andra uppsattningen
vaxter visade att konditionering av jorden paverkade véxternas
utveckling och resistens pd ett behandlingsspecifikt satt och inte
beroende pd insektens lokalisering. Resultaten tyder pd att specifika
medlemmar i rhizosfaren, till skillnad fran hela mikrobiella bestdndet,
leder till férandringar i vaxtférsvaret.

Denna avhandling, med fokus pa8 kal B. oleracea, bidrar till
grundldggande sdval som tillampad kunskap om hur tillsatsen av
rotbakterier paverkar tillvéxt och resistens mot véxtidtande insekter.
Sammantaget visar forskningen som presenteras i avhandlingen ett
beroendeférhallandet mellan bakterieberikning och véxtens utveckling,
likavdl som bakterieinokulering och 6kning av vaxtresistens mot insekter:
metoden for rhizobakteriell spridning och identiteten pd den véxtitande
insekten paverkar de bakteriella effekterna pd insekter via
vaxtférmedlade effekter. Generellt dar matning av insekt-vaxt-mikrob-
interaktion komplex och tidskravande, vilket kraver férenklingar som att
anvdnda specialiserade rotningsmedier. Fér en framgdngsrik
berikningsapplicering for att framja grédors utveckling inom agrikultur,
kravs mer kunskap fran faltstudier. Manga svar till frdgor om hur och nar
berikningen ska ske med mikrober @r fortfarande obesvarade. Dessa svar
behdvs fér att optimera anvandningen av bakterier, framférallt svar
angdende jord typer och jordens néaringsinnehall, kommer att vara
avgorande i framtiden for bakterie-assisterat jordbruk.
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