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Steering soil microbiomesto suppress aboveground insect pests
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Abstract

Soil-borne microbes affect aboveground herbivoinsscts through a cascade of
molecular and chemical changes in the plant, batkedge of these microbe-plant-
insect interactions is mostly limited to one oewfmicrobial strains. Yet, the soll
microbial community consists of thousands of unit& interacting in complex
networks—the so-called microbiome—that provide tdamith multiple beneficial
functions. The role and management of whole mianoigis in plant-insect
interactions are almost unexplored, calling forititegration of this complexity in
aboveground-belowground research. Here, we propalggic approaches to select

soil microbiomes that can be used to protect plxota aboveground attackers.

Microbes conferring immunity in the phytobiome

The late entomologist, Thomas Eisner [1], once fashostated, Bugs are not going

to inherit the earth. They own it now”. In light oh-going discoveries in microbial
taxonomy and ecology, however, we can probablymfthat in fact “Microbes own
the earth”. The complex network of microorganisnisabiting an area (e.g., soll,
plant, animal), referred to as threcrobiome (see Glossary), imparts crucial functions
in all living organisms. For instance, the chemubaflences that were previously
considered an innate genetic feature of many asiara plants are actually produced
by microbial symbionts [2, 3] and we expect moraragles to be revealed in the near
future. In humans, immunity, and even behaviowg,iafluenced by the intestinal
microbiome[4, 5]. Interestingly, thehizosphere, a thin interface between roots and
soil, can be considered the plant equivalent tdhthean intestinal tract [6].

The soil is the major source of microbes, whictedetne the plant-associated
microbiome [7]. Soil microbes are crucial for enbiag plant survival, growth, and
tolerance to abiotic stress, but also induce syistezsistance (ISR) against pathogens
and insects both aboveground [8-11] and belowgr¢Lad The soil microbiome has
thus emerged as a key component of plant immu8jt9,[13], and shapes how plants
interact with their abiotic and biotic environmeritsthe so-callegpghytobiome [14,

15]. Most of the work on aboveground plant defesoefar, focuses on the impact of
individual microbial species or strains. This isharp contrast with DNA-sequencing

techniques that are revealing an astonishing taxandiversity in soils, especially in
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the rhizosphere, but also the plant itself [7,118, Because the beneficial effects for
the plant are often provided by a consortium ofrobes [18], there is an urgent need
for approaches that incorporate the wider diversifg exists in nature into microbe-
mediated plant protection strategies [19].

Impact of soil microbiomes on aboveground herbivores

Evidence for how belowground microbial communiti&s.a whole, impact
aboveground insects is scarce; however, giveryhedlly strong responses to only
one or two experimentally augmented microbes, viieipate that the community-
wide effects are substantial. Soil microbiomesiogpact aboveground insects
indirectly through plant-mediated mechanisms, ceally through pathogenic or
mutualistic interactions. A recent study showed tha population increase of the
specialist foliar feeding aphidiphis jacobaea, depended on the composition of
microbial communities inhabiting the soil used tsyhost plant ragworSgnecio
jacobaea). The soils maintained different fungal commumstibat influenced the
concentration of amino acids in the phloem sapg¢lvthie authors proposed, in turn,
influenced the aphids [20]. Similarly, inoculatiohdistinct microbiomes collected
from soils with different plant species altered lis&f metabolome of arabidopsis
(Arabidopsis thaliana) and resistance of the plant to the caterpillachoplusia ni
[21]. This study further confirmed via removal betmajority of microorganisms
using a filter of 0.45 pum, the contribution of tmécrobial component of the soil
(instead of the presence of chemical compoundscthdt pass the filter) to plant
performance. These studies illustrate that expasuparticular microbiomes alters
the resistance of plants to aboveground insectgi(€il, Key Figure). However, the
underlying molecular plant mechanisms in microbiemauced systemic resistance

(ISR, Box 1) are probably more complex than prexdict

Soil microbes can have direct interactions withvegoound herbivores. Recent
studies have shown that leaf and soil microbiomediaked [22-24], and soils could
thus influence the composition of insect pathogenisymbiotic microbes present in
or on the leaves. Entomopathogenic fungi sudBeasveria bassiana and
Metarhizium anisopliae, for example, are common in the soil but also lex/ain
endophytic phase that can promote plant growth and inseistagse [25].

Remarkably, these fungi not only provide a berteffilants by killing their
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herbivores, but can even translocate nitrogen fboveground insect cadavers to the
plant via fungal mycelia [26]. Other fungi histally considered to be limited to soils
(e.g.,Trichoderma) are now known to colonize leaves as endophytesaeviney can
suppress insect pests such as thrips [27]. Ingetbisnts provide their host with
functions such as the ability to suppress plargémieds or mobilize nutrients [28, 29],
and these symbionts can be acquired via the smileample, the soybean insect pest
Riptortus pedestris acquireBurkholderia strains from the soil that metabolize an
organophosphate, conferring resistance to the tiegde [30].

Given the substantial evidence that soil commumiéect aboveground plant
interactions, we argue that agricultural scient$tsuld start to think far more about
reshaping microbiomes to increase crop resistangeséct pests. Managed systems
allow a large amount of flexibility in inputs orhar design strategies that shape soil
life. Here, we focus on three specific strategieg are known to generate
community-scale impacts on microbiomes and thusheaadapted for sustainable
pest control aboveground.

Transplanting new microbiomesinto the soil

A major advancement in microbe-plant interactioseegch was the development and
commercialization of microbial inoculants for agittiral use. These inocula usually
consist of one to several species that are phykigadly clustered within a few
genera (e.gBacillus, Trichoderma). However, many of these microbial inoculants
that are successful under laboratory conditiorissiaen applied in the field. Recent
studies have argued that this is probably due nopedition of single strains with the
existing microbiome in the donor soil [9, 31]. Atpntial solution to this problem
would be to inoculate microbiomes that are morememthan currently used [19].
Large-scale cultivation of microbes and their idtrotion in complex synthetic
microbiomes may aid in maximizing the beneficiald¢tions of certain microbes by
introducing taxa interactions [22, 32]. For instangome microbes alter their
metabolism when involved in microbial interactioasd produce compounds (e.g.
volatiles, antibiotics) that are not produced wigeswing as single strains. These
compounds could for example act antagonisticallytt@r microbes that are
prohibiting the establishment, enhance plant calation, or have a direct effect on

plant growth or resistance [33]. Soil microbial etisity is a major driver of ecosystem
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multifunctionality [34, 35] and due to the contrilmn of soil microbes to multiple
functions such as nutrient cycling, biological cohbr food production, soll
microbiomes are a multifunctional component ofdstrial ecosystems. Entire
microbiomes can also be introduced via soil traargaition. A recent field experiment
showed that introducing a thin layer of soil (5 nmegulted in accelerated nature
restoration in a degraded ecosystem, and that caitiggoof the bacterial and fungal
communities six years after application was stifiedent from those were no soil was
added [36]. Other studies show that soils withaksesuppressive properties can be
successfully transplanted and remain disease ssgpeen the new area [9, 17].
Agricultural soils, in particular in commercial gkhouses, are regularly sterilized,
e.g., by steaming. This practice eradicates mut¢heoéxisting microbial community
[37], a situation that is ideal for introductionahew microbiome.

There is a unique opportunity here to forge coltabee and mutually beneficial
relationships among those studying plant and anmiedobiomes. Faecal microbiota
transplantation is now frequently used to suppdessases and alter immune
responses in humans while soil inoculation andspplamtation is still in its infancy.
Hence, those studying human health consequenapsg aficrobiome transplantation
are far ahead of those working in plant health, et two approaches, while
differing in practical aspects of implementatiore alentical in theory. In fact, direct
analogies between these two areas have been tgdifpr characteristics such as

nutrient uptake, pathogen defence, and immune ium{#, 38].

Steering existing soil microbiomes

Apart from introducing a new microbiome, the resglsoil community can also be
steered to a desired beneficial state [39, 40]s Thuld be accomplished by
stimulating particular subgroups of the microbiowge manipulations of
environmental factors such as soil temperaturemsture levels [37], via the
application of chemical compounds or manipulatiegpurce availability through
organic amendments. It is well known that ameliorabf soils with manure or plant
residues alters the soil microbiome, thereby sigging belowground pathogens [9,
40, 41]. Different studies have shown that additbbiochar, pyrolized plant
residues, to soil, for example, increases bactdiarsity and microbial biomass [42],

as well as resistance of plants against abovegrpests and diseases [43, 44].
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Interestingly, the plant response that biochar estis the pathogdBotrytis cinerea
highly resembles microbial-ISR, includipgiming of defence-related genes
associated with the early oxidative burst via temonic acid (JA) signalling
pathway [43]. These set of studies highlight hasoihamendment could impact
aboveground attackers through changes in the soibbiome and in plant defences.
However, evidence linking how soil amendments dtiersoil microbiome, and how

this cascades to induce systemic resistance itspkastill missing.

Certain “keystone” microbes are highly connectethwther taxa and play a key
ecological role in the microbiome. By targeting &mne species the entire microbial
network can be adapted and recent discoveries gufoidea [32, 45, 46].
Introduction of the oomycete pathogaiibugo sp. and the basidiomycete yeast fungus
Dioszegia sp, for example, alters the microbiome network in phgllospher e of
arabidopsis [45]. The important role of these keysttaxa suggests that they should
be present in high abundance in the microbiome.dé¥aw keystone species can also
play an important role at low densities and evea maicrobes, which have been
shown to induce resistance against aphids [47]acaas keystone players in
microbiomes [48]. Whether a microbial function sashinduced systemic resistance
after introducing a keystone taxa is driven by gesnin the microbiome network,
rather than by the introduced taxa itself, is stilknown.

Using plantsto steer the soil microbiome

By growing in the soil, plants modify the microbienreither directly, or indirectly via
influencing the abiotic environment [7]. Host fast@uch as plant species, ontogeny,
and exposure to antagonists all shape microbioEwe different genotypes imprint
unique microbial signatures on the soil [7, 24 549-Plant roots release compounds
such as sugars, organic acids, phytohormones,enothdary metabolites, and this
exudation influences the soil community [52, 53]. For instenspecific compounds
(e.g., malic acid, benzoxiacinoids, strigolactores) enhance or recruit certain
beneficial soil microbes in the rhizosphere [54:53fi{erestingly, the exudation of
some of these compounds increases following abouedrherbivory, suggesting this
Is an active strategy whereby plants recruit bers@fmicrobes for protection. The
impact of herbivory on the soil can also influetice susceptibility of plants that are

later exposed to this microbiome [58, 59]. For eglanthe soil fungal community in
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the rhizosphere of ragwort that suffered from bejownd or aboveground herbivory
differed considerably from communities in unexpopkhts. Plants that grew later in
the soil with a belowground herbivory legacy diggeld higher resistance to the leaf
chewerMamestra brassicae, and this was associated with a modified proffle o
pyrrolizidine alkaloids in the foliage [59]. Thesgo examples illustrate a closed
feedback loop in interactions between plants, mailobes, and insects, a term that

we propose to callgiant-soil-insect feedbacks’.

The concept of plants changing the soil microbiowteich subsequently influences
the performance of other plants that grow lateéhasoil is one of the main
mechanisms ofgflant-soil feedback” [60, 61] and is the basis for ancient agricultura
practices such as crop rotation, intercroppingomec crops. However, this concept
has primarily been used in the context of avoidafm®il pathogen build-up and
autotoxicity, or to increase nutrient availability using leguminous crops. We argue
that plants displaying positive feedback effectcmp immunity to pests through
their effect on the soil microbiome, should be stgd for and included in rotation
systems, as “engineers” of beneficial soil microhés. These plants that create a
beneficial microbiome with positive effects on gléwealth can also be used to
produce inocula that can be then be introducedduwr at the start of cultivation.
Surprisingly, the contribution of soil microbiomsplant-soil feedbacks and their
application in agriculture is largely unknown [6Zhere is an urgent need for studies
that improve our understanding of the mechanismwHtigh plants influence soil
microbiomes and that predict how plants resportidse changes (see Box 2). This
will enable us to design optimal combinations afcaeding plants in rotation

schemes and enable breeding for optimal crop regsaio soil manipulations [63].

The genetic traits that underlie the responsesanitp to changes in soil microbiomes
are also largely unknown. However, a recent gename-association study in
arabidopsis identified ten genetic loci that weighty associated with the ability of
the plant to respond to the growth-promotion eftdotolatiles from a soil derived
Pseudomonas simiae strain [64]. In crop plants, breeding for resistate pathogens

in combination with high inputs of fertilizers apdsticides that suppress pathogens
and herbivores, may have selected for poorly resipgrgenotypes, and even for

genotypes that suppress beneficial microbes [49,Téerefore incorporating
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knowledge about microbiomes during the crop selagtrocess may improve traits
such as plant productivity and resistance. By gngwilants repeatedly in the soil and
selecting in each generation for specific plantdrsuch as early onset of flowering or
more efficient induction of defences, beneficial sucrobiomes can be selected and
therefore further steered, so that they become efteetive [17, 66, 67].

Concluding remarks and futur e per spectives

Unravelling the mechanisms that govern speciesdations is a major challenge in
ecology. In this opinion we have emphasized thétsiearobiomes can be
manipulated to enhance plant performance and aesistto aboveground pests, and
that plants play pivotal roles in this. The meckars can be diverse, as soill
microbiomes are complex entities, and include prgrfor enhanced defensive
responses, induction of plant secondary metabphesvell as direct interactions
between soil microbes and insects (via direct adrthinsects with the soil or via
colonization of plant by soil microbes). We proptisee areas for future research
that are essential if we aim to steer microbiomeater aboveground plant-insect

interactions (see also Outstanding Questions).

First, fundamental knowledge on the mechanism®uwf plants shape soil and plant
microbiomes will help to develop new approaches@oducts. For instance,
cultivars emitting higher levels of compounds thatich certain groups of beneficial
microbes could be selected, or products basedase thf compounds could be
developed. Also, breeding programs could selecttplw enhance microbe-mediated
functions, from leaving positive soil legacies tagly respond to these legacies by
increasing growth or inducing resistance in abowegd tissues [63]. Therefore,
knowledge about soil, plant and insect microbiostesuld be integrated into
established research on insect-plant interactiofglly understand the functioning of
these interactions within the phytobiome.

Second, in a similar way as gut microbiome trangplt#on in humans has been a
major breakthrough in overcoming recurr@hostridium difficile infection [68], we
propose that soil microbiome transplantation casumeessful to induce resistance in
plants against insects. Plant-soil feedback cososgt be used to create specific

donor soils. We envisage that in agriculture, gamtl be grown with a clear purpose
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of conditioning soil that can be transplantedhat tsoil conditioning will be
incorporated in crop rotation systems. A major lgmagje is to predict which plant
species or genotypes can be used to obtain desiilsd Understanding microbiome
assembly and function in different plants, couplaith empirical knowledge on
agricultural practices, and on microbe-plant-insetgractions, will be essential for

the development of such predictive models.

Third, we propose that since insect herbivoresseaerely impact productivity in
terrestrial ecosystems, plant resistance to insheisld be seen as a key service of
microbiomes, and microbiome-insect interactionsusthbe included in agricultural
management strategies. Many of the ecosystem serefcsoil microbiomes may not
be effective under current production systems wigi input of pesticides and
chemical fertilizers, and only become apparent whlants are exposed to abiotic
stress conditions [19]. Based on current globahgka in agriculture and nutrient
supplies, we expect that beneficial soil microbismal play an even more important
role in plant productivity in the future. The inased availability of nutrients in
agriculture has been the basis for the first gregnlution that led to a boost in yields
worldwide. We are now at the verge of a secondrgreeolution, which utilizes the
potential of microbiomes to boost plant health pratiuctivity [69, 70]. The service
of plant and soil microbiomes to induce resistangaants to insect pests should be

an essential part of this second green revolution.
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Figurelegend

Figure 1. Soil microbiome manipulation to induce resistamcplants against
aboveground insects. (A) Soil microbiomes can berstd by different strategies such
as inoculating new microbiomes, adding organic afmeants, or by growing certain
plants. Interactions of the plant with antagonsstsh as aboveground insect
herbivores will further shape the soil microbiahwnunity. Different components of
the system can be selected for desirable traitsinstance, through plant breeding,
cultivars that recruit beneficial soil microbiomean be developed. Soil microbiomes
can also be engineered, selecting through sevenargtions those soils that confer
plants withcertain functions.(B) The new microbiome can affect plant growth and
resistance to aboveground attackers of the plantshalready growing in the soil, but
also that of plants growing later in the soil. Tieav soil microbiome will be an
important source for the microbial assembly ofthieosphere, endosphere, and
phyllosphere of plants. Microbes inhabiting thbaéitats can suppress aboveground
insect pests, either directly (e.g. insect pathepenindirectly via changes in the
immunity of the host planCultivars that show strong positive responsesegiims of
plant growth, resistance, etc.) to soil microbioroesld be developed. The suggested
pattern of events could happen along a temporgl ifea crop rotation system) or

spatial axis (e.g. during intercropping).
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Glossary:

Endophytic: that colonizes inside above- and/or belowgrouadtprgans, without
causing evident disease symptoms.

Endosphere: microbial habitat inside plant organs.

Induced systemic resistance (I SR): enhanced resistance in the entire plant against
pathogens and herbivores, characterized by prinaing triggered by beneficial
microbes.

Microbiome: totality of microbial genomes present in a patacenvironment, for
example soil, rhizosphere, phyllosphere or endaplrtgimpartment.

Phyllosphere: the surface of aerial plant organs, dominated bydhves.
Phytobiomes: plants, their environment, and their associatedmanities of
organisms, including microbes, animals, and otlentp.

Plant-soil feedbacks: changes by a plant in the biotic and abiotic ottarsstics of
the soil they grow in that influence the next gaien of plants growing in the same
soil.

Plant-soil-insect feedbacks: plant-soil feedbacks that have effects on insectthat
are affected by insect feeding on the plant crgatie soil legacy.

Priming: alert state after certain stimulus that allowsit#ao mount a stronger
and/or faster defensive response upon attack.

Rhizosphere: thin layer of soil in contact with roots, thatusder direct influence of
root exudates and soil microbes.

Root exudates: molecules released by plant roots and that amtreys include

organic acids and sugars.
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Box 1. Microbial-induced systemic resistance against insects

Plants can induce several types of resistance uperacting with herbivores,
pathogens, or beneficial microbes. From those,dadwsystemic resistance (ISR) is
the enhanced defensive capacity of the entire plgainst a broad spectrum of
attackers triggered upon local induction by benafimicrobes [69]. Plants then enter
in a primed state that allows them to respond fastd stronger upon herbivore or
pathogen attack [11]. Our knowledge on the molegaukachanisms of ISR against
insects has substantially increased in recent y8angeral microbes, including plant-
growth promoting rhizobacteria, mycorrhizal fungmd free-living fungi such as
Trichoderma, can trigger ISR against insect herbivores anda@alheagainst
generalist leaf chewers. Interestingly, the medrarsiseem to be conserved across
microbial groups. However, although in most ca§#® &gainst insects is regulated by
JA- and ET-signalling pathways [69, 71], some micabstrains require other
signalling pathways to be functional [72]. GeneshsasLOX2, PDF1.2, andHEL,

are often more strongly induced after herbivorgiabidopsis plants that are
inoculated with plant growth-promoting rhizobacégf71, 73, 74]. However, the
effects and underlying mechanisms of microbes eadts are highly diverse, and two
aspects in particular suggest that the establipheatigm of ISR needs to be re-
evaluated: (iDirect induction instead of priming: Soil microbes can also directly
induce plant defence responses in the absenceaifanker. Genes in the ET-
pathway such a®RA59 andPDF1.2, for example, are induced by rhizobacteria
colonization in arabidopsis [71], or the JA-regathgene$&hAOS, GhLOX1 and
GhOPR3 in cotton [75]. Associated with this, plant growglomoting rhizobacteria or
their volatiles directly induced the synthesis hfogsinolates in arabidopsis [71, 72,
76] and gossypol in cotton [75]. (ilihduced systemic susceptibility: insect
performance often increases upon soil inoculatidh eneficial microbes. This is
especially common in phloem feeders such as aimdsvhiteflies, probably due to
their behaviour that avoids damaging cells andifegdn phloem sap with lower
levels of defensive compounds than the overalltisatie [10]. But microbe-induced
susceptibility has also been observed in geneaistrpillars [77, 78]. Elucidating
the factors causing this variability will be a najweakthrough in the knowledge and
application of microbe-plant-insect interactionsnifar to microbial interaction
networks, insects and plants are also structur@tdenaction networks. Systems

approaches coupling microbial, insect and plamalog networks will allow
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scientists to design predictive models of microleeptant-insect interactions.
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Box 2. Plant-soil and plant-soil-insect feedbacks

Plants as primary producers provide the basic ressuor soil biota, including
insects, nematodes and microbes [79]. They con&ilitter originating from dead
shoots or roots to the soil, and living plant roetiease an array of metabolites. Via
these effects, plants shape soil biotic communitiasuse these compounds or are
influenced by them, and alter the physical and dbainproperties of soils. These
plant-mediated changes of the soil can influenegpirformance of other plants that
grow later in the soil [60, 61]. This phenomenonratied plant-soil feedback and is
now receiving considerable attention because oélessance in vegetation dynamics
and invasion ecology. Plants can affect individwdithe same species (known as
direct or conspecific feedback) or of different@ps (indirect or heterospecific
feedback). Most examples of conspecific plant-mtbacks are negative, but
heterospecific soil feedbacks are often positiregesmany species perform better in
soil conditioned by others than by its own spef#€s 61]. Outcomes also vary
widely between plant species and soils, and ma@eareh is needed to predict these
patterns. Plant functional traits such as growté, repecific root length, and even
aboveground characteristics such specific leaf, dnr@ze been used to predict plant
soil feedbacks in natural ecosystems. For instaswkconditioned by fast-growing
plant species or those with higher belowground laissrproduced more positive
feedbacks due to increased nitrogen availabili@y {8 ]. One of the most
straightforward predictions is that closely relapdaint species have a higher chance
to be attacked by similar pathogenic microbes,rmeghtive feedbacks would be
expected in this case. However, studies so far shoensistent effects of the
relationship between phylogenetic relatedness &ard-poil feedbacks [81-83].
Another layer of complexity in plant-soil feedbacke the presence of herbivorous
insects attacking the plants involved in the fee#tba concept that we would like to
define as plant-soil-insect feedbacks. A first gmBty is that herbivory on the plants
that condition the soil alters soil legacies [SHje second possibility is that plant-soll
feedback effects cascade to insects interactiny tvé responding plant during the
feedback phase [20]. Both scenarios may occuisingle plant-insect system [59].
Ecological knowledge of plant-soil feedback effemtsnatural enemies of plants has
strong potential for future implementation in agtiaral ecosystems.
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Outstanding Questions Box.

Can we develop a universal approach to managasaiplant microbiomes to
achieve higher yield, tolerance to abiotic streg$@nhanced resistance to
pests?

What genetic, molecular, and chemical plant medmasiare responsible for
how plants shape and respond to soil microbiomes?

What are the mechanisms that underlie microbiordadad systemic
resistance to aboveground attackers and what eretisequences for higher
trophic levels?

How do soil microbiomes interact with plant- andtheore-associated

microbiomes to influence plant-insect interactions?

22



607  Trends box.

608 « Soil microbes are a major source of the plant nhbicnme and recent advances
609 show that they are key component of plant resistagainst aboveground
610 attackers

611 * However, most of our knowledge on how belowgrouncrabes affect

612 aboveground pests is limited to single strain é$fecalling for research that
613 incorporates the full potential of the entire soitrobiome.

614 e Soil microbiomes can be manipulated, as done fotucies through

615 agricultural practices as crop rotation or the efssmendments. Conditioned
616 soils can be transplanted to restore ecologicaltfons in other ecosystems.
617 * The role of the plant in shaping soil microbiomad & how they respond to
618 them can be maximized but we need to increase euahamistic

619 understanding at genetic, physiological and ecobidevels.

620
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