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Running title- Soil microbial inoculants in pest management: patterns,
mechanisms and recommendations

Abstract- Soil microbes present a novel and cost-effective method of
increasing plant resistance to insect pests and thus a sustainable opportunity to
reduce current pesticide application. However, the use of microbes in integrated
pest management programmes is still in its infancy. This could be primarily
attributed to the variations in microbial inoculum performance in laboratory and
field conditions. Soil inoculants containing single, indigenous microbial species
have shown promising results in increasing plant resistance to foliar feeding
insects. Conversely, commercial inoculants containing multiple species often
show no effects. We present a simple model that endeavours to explain the
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discrepancies in results when microbial inoculants containing single and
multiple species are used under both controlled and field conditions.
Furthermore, we discuss how this knowledge can be applied to manipulate soil
microbial species and develop ‘tailored’ microbial inoculants that could be used
in plant protection against antagonists.

Key Words- Microbial inoculants, tritrophic interactions, pest management,
insect herbivores.

MICROBE-MEDIATED ABOVE- AND BELOW-GROUND INTERACTIONS IN
THE FIELD

The rhizosphere is the most diverse and dynamic ecosystem in nature
(Hinsinger et al. 2009). Microbial diversity within this zone is colossal and is
critical for plant growth, and ultimately in the maintenance of life on earth
(Bakker et al. 2013). The influence of microbes associated with roots can be
exerted on higher trophic levels such as insects, both above- and below-ground.
A number of studies have shown how plant growth promoting (PGP)
rhizobacteria or arbuscular mycorrhizal (AM) fungi can influence the growth and
performance of foliar-feeding insects [bacteria (Pineda et al. 2010); endophytes
(Jaber and Vidal 2010); mycorrhizas (Koricheva et al. 2009)] and diversity and
abundance of plant pathogens (Weller et al. 2002) and nematodes (Kerry
2000). The majority of the effects on foliar-feeding insects appear to be
negative, although many are also context-dependent, being greatly influenced
by abiotic factors (Gange et al. 2012).

The fact that soil microbes can have both direct and indirect beneficial
effects on plants has led to much research into the development of commercial
inocula, that aim to improve plant growth and yield (Herrmann and Lesueur
2013). Invariably, inocula that contain PGP rhizobacteria or AM fungi comprise
a mixture of species (Trabelsi and Mhamdi 2013). The most successful of these
types of inocula has been the range of products containing Rhizobium for
legumes (Brockwell and Bottomley 1995) and those containing mycorrhizal
fungi (Ceballos et al. 2013). However, a feature of all microbial inoculants, even
those containing Rhizobium, is that they frequently appear to have no effects
when applied in field conditions (Corkidi et al. 2004; Herrmann and Lesueur
2013) despite controlled laboratory experiments being positive. This is often put
down to poor quality of product, but such effects can still be seen even when
the products applied are of high quality (Herrmann and Lesueur 2013). Such
null results could result in a lack of sales and product development, which from
a sustainable agriculture point of view, would be most unfortunate.

SINGLE VS MULTIPLE SPECIES

A second feature in the literature, which appears common across both bacteria
and mycorrhizal studies, is that controlled experiments in which one species of
microbe is added to a plant seem to show much greater effects on insect
performance than when two or more species are added. Single species of PGP
rhizobacteria, when applied to plants in controlled experiments, are likely to be
more effective in offering plant resistance to a variety of insects including
chewers (Zehnder et al. 1997; Van Oosten et al. 2008) and phloem feeders
(Valenzuela-Soto et al. 2010) than multiple PGP bacterial species (Herman et
al. 2008; Boutard-Hunt et al. 2009). Experiments with combinations of
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arbuscular mycorrhizal fungi often show little or far less of an effect on insects
than do single species additions (Gange 2001; Gange et al. 2005; Vannette and
Hunter 2013). Two separate experiments were conducted using soil bacteria
and mycorrhiza on insect herbivores serve to illustrate these differences (Fig.
1). Any of three individual species of PGP Bacillus were found to be more
effective in reducing field infestations of the specialist aphid, Brevicoryne
brassicae than a mixture of the same species (Fig. 1a). Similarly, colonization of
strawberry by two individual Glomus spp. significantly reduced the growth and
survival of black vine weevil (Otiorhynchus sulcatus) larvae, but the combination
of the same species did not (Gange 2001) (Fig. 1b). These experiments
contrast with the backdrop of root bacterial and mycorrhizal communities
showing high diversity (Bakker et al. 2013) and lead to three important
guestions: (i) why is it that single species additions often show negative effects
on insects, while combinations do not?; (ii) are microbial inoculants that contain
a consortium of species likely to be of use in pest control? and (iii) if ‘less is
more’ when it comes to the enhancement of plant resistance, why have root
communities with few species not been selected for in nature?

MECHANISTIC INSIGHTS INTO TRITROPHIC INTERACTIONS

A critical feature of microbial inoculants is that it is generally unknown if the
species contained within them are present in the soil to which they are applied.
Generally, there is likely to be a reasonable amount of overlap because the
inoculum species are usually easy to culture, having been previously extracted
from field soils. However, there will never be a perfect overlap, as a large
proportion of the soil microbial community is unculturable (Amann et al. 1995).
This uncertainty will always lead to variable inoculum performance in different
field soils and crops.

Single microbial species scenario To answer question (i), we propose a simple
model (Fig. 2), based on the compatibility of species in the inoculum and the
rhizosphere. Imagine a very simple, three species root microbial community. Of
course, rhizosphere communities are far more complex, but we limit the species
richness in this figure for the sake of clarity. The dynamics of the community
may be relatively stable over time, assuming that abiotic factors remain
constant. We then add a single species inoculum, as happens in many
laboratory experiments. If this species is present in the root community, its
population will increase, and through a process of antagonism, that of the other
two species will decrease (Fig. 2a). Priority effects may also play a part here, as
it has been observed that established mycorrhizal fungi will supress invader
species not originally present (Werner and Kiers 2014). However, it is unlikely
that resources (i.e. plant derived carbon) will be so limiting as to allow one
species to go extinct. The system will, therefore, return to its original state after
a further period of competition. The critical point is the sudden change in
microbial populations relative to each other, which will be registered by the plant
(Bakker et al. 2013). There is evidence that much of plant biochemistry derives
from microbial interactions within the tissues (Kloepper and Ryu 2006). These
changes will elicit chemical signals in plant tissues that affect an insect feeding
on that plant negatively, as reported by earlier studies (Gange et al. 2012). For
instance, B. amyloliquefaciens FZB42 persists in the rhizosphere over 5 weeks
(Krober et al. 2014), changes foliar glucosinolate levels and suppresses insect
populations (K.R. Gadhave, et al, unpublished). Soil bacteria and fungi prime
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plants against insects and the ‘microbe induced priming’ is a likely mechanism
by which this occurs.

Microbial mediators and plant defensive chemistry Both single as well as
multiple microbial species change the levels of constitutive defence compounds
produced by plants against herbivores (Gange et al. 2012). For instance, earlier
studies showed that two single rhizobacterial species alter the glucosinolate and
cucurbitacin profiles in Arabidopsis and cucumber plants respectively (Zehnder
et al. 1997; Brock et al. 2013). Microbe mediated induction of plant defences,
including those involving the emission of herbivore induced plant volatiles
(HIPVs) that attract natural enemies of insect herbivores, is facilitated primarily
by an interplay of jasmonic acid, salicylic acid and ethylene pathways [e. g.
bacteria (Koornneef and Pieterse 2008); fungi (Van der Ent et al. 2009; Jung et
al. 2012)]. Single PGP rhizobacterium; Pseudomonas fluorescens and AM
fungus; G. intraradices have been shown to change the proportion of terpenes
and sesquiterpene produced as volatiles respectively (Fontana et al. 2009;
Pangesti et al. 2015). Such changes in volatile emissions have been shown to
attract natural enemies to herbivore infested plants (Hoffmann et al. 2011;
Schausberger et al. 2012) suggesting important implications for indirect plant
defence. Kniskern et al (2007) showed that salicylic and jasmonic acid defence
pathways reduce natural bacterial diversity in Arabidopsis. Thus, it is probable
that plants harbouring less diverse bacteria are able to invest more in defence
signalling against plant antagonists, which partially explains why single species
microbial inocula could be more effective against herbivores than those with
multiple species.

The induction of systemic resistance in plants involves the recognition of
Microbes Associated Molecular Patterns (MAMPS) such as flagellin,
lipopolysaccharides, siderophores, antibiotics and biosurfactants in bacteria
(Van Wees et al. 2008; Van der Ent et al. 2009), and chitin,
endopolygalacturonases and ergosterol in fungi (Klemptner et al. 2014; Zhang
et al. 2014) by plant receptors. Thus, it is likely that the MAMPs associated with
single and multiple microbial species may differ in their ability to mount defence
against pests. A literature on the effects of single vs mixed microbial species on
plant defensive metabolites is not robust to make any generalizations. However,
it is plausible that microbial species number and compaosition in inocula can
have far-reaching impacts on plant signalling pathways and MAMPSs, which are
the key determinants of induced defences of plants.

Mixed microbial species scenario If the inoculum contains multiple species that
are in common with those in the root system this will simply increase all their
populations in the rhizosphere (Fig. 2b). The relative abundance of one species
to the others remains the same, and no chemical changes are elicited in the
plant. Thus, no effect of inoculation is seen on plant antagonists. An example
may be shown by results of Roger et al. (Roger et al. 2013) who showed that
Spodoptera littoralis caterpillars preferentially fed on plants inoculated with
combinations of two isolates of the AM fungus; Rhizophagus irregularis rather
than on plants inoculated with only one isolate. Perhaps the worst case
scenario may be if the inoculum contains no species that are present in the
rhizosphere. We suggest that this is the most likely reason for some field
applications having little or no measurable effects. In most cultivated soils, it is
likely that the local adaptation of communities has occurred, and the added
‘exotic’ species will fail to establish. A good example of this is the responses
exhibited by O. sulcatus larvae feeding on Rubus idaeus plants treated with a
mycorrizal mix extracted from R. idaeus soils, and a commercial mycorrizal
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species mixture (Fig. 1c). The larval performance was severely reduced on
plants treated with the native species mix, compared with those treated with a
commercial inoculum (J. E. Hourston, unpublished).

We propose that the answers to questions (ii) and (iii) lie in the nature of the
soil microbial community itself. It is well known that plant roots in soil are linked
by a Common Mycelial Network (CMN) of mycorrhizas (Walder et al. 2012).
This network allows the inter-plant transfer of nutrients and signals of insect
attack (Babikova et al. 2013). The analogous networks through which soil
bacteria facilitate plant growth and interlink with CMNs are sparsely explored.
However, recent studies on root-microbial communication revealed the roles of
an array of bacterial molecules that enable intra and interspecies
communication in the rhizosphere through biofilm formation and quorum
sensing (Faure et al. 2009). We propose that these ubiquitous bacterial
attributes help PGP bacteria maintain diversity and stable contact with roots,
and derive common benefits to plants. Diverse rhizosphere communities are
thus far more likely to connect with such networks than depauperate
communities. Such connections provide advantages to both the microbes and
the plants.

Thus, a microbial inoculant that contains many species is likely to contain at
least some species that will be in common with those in the soil networks. Given
that complete overlap of inoculum with the soil community can be discounted,
the scenario depicted in Fig. 2a is more likely, and thus effects should be
observed if one or a few species are in common. Whether the multiple non-
indigenous species trigger synergistic functional responses in plants is poorly
understood. It is more plausible that the addition of multiple non-resident
microbial species in the rhizosphere will encourage competition within added
species and between benign indigenous microflora for nutrients and niches.
This may favour the least beneficial microflora in the rhizosphere and potentially
reduce the magnitude of plant growth promotion which would otherwise have
been realised if a single native species was present in an inoculum. For
example, Conn & Franco (Conn and Franco 2004) showed that the addition of a
non-adapted commercial mixed inoculant in the soil disrupted the resident
actinobacterial endophyte community in wheat by reducing the diversity from 40
genera to 21 and colonization of detectable root microbiota by half. Conversely,
the addition of a single actinobacterial endophyte species increased its
colonization level without any adverse effects on the diversity and colonization
of the indigenous endophyte population. Thus, the presence of the non-
indigenous microbiota is more likely to disrupt the established rhizosphere
bacteria and/or CMN and produce antagonistic effects on indigenous microbial
communities.

Despite the many listed advantages of single species inocula on indigenous
rhizo-bacterial communities and plant fitness, their addition would be far too
risky economically, because the chance of one species matching with the
indigenous population is lower than if there are many species being added. To
overcome this trade-off, we recommend the use of inocula that contain only a
few species, to reflect native soil conditions. Individual species of bacteria or
fungi added to potted plants and grown under controlled conditions are a poor
mimic of field conditions mainly because of their inability to compete in a more
diverse and dynamic rhizosphere in the field. The challenge is now to better
understand the structure of soil microbial communities, such that inocula can be
produced that are tailored to local conditions. Integrated pest management
systems, including sustainable components such as tailored microbial
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inoculants could be a promising resource to increase agricultural productivity
and protection of the environment through a lessening of the reliance on
pesticides.

CONCLUDING REMARKS

Microbial inoculants are becoming a common feature in agriculture and
horticulture, but are often mistrusted by growers due to their inconsistent
results. We suggest that careful matching of some species within inocula to
those occurring naturally will overcome this inconsistency. This careful tailoring
of inocula would not only have the potential to improve plant performance
including fitness against insects, but also reduce the unknown effects of
introducing entirely alien microbial species to an area (Schwartz et al. 2006). It
is unlikely that a universal soil microbial inoculant could be developed, as the
communities within different soils and beneath certain crops differ (Hortal et al.
2013). However, a better understanding of microbial community structure will
enable more sustainable products to be developed. A few ‘tailored’ species in
such products would not only represent a good thing, but also make sense from
both an economic and ecological point of view.
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Figures
Fig. 1. Effects of inoculation of individual vs. multiple microbial species and

commercial vs. non-commercial inoculant on insect herbivores: individual
species of (a) Bacillus most effectively reduced B. brassicae field infestation; (b)
Glomus significantly reduced O. sulcatus larval survival, than the mixtures of the
same species. (c) Non-commercial inoculant containing indigenous mycorrhizal
species reduced O. sulcatus larval mass more than the commercial mycorrhizal
inoculant. The notations; B. c., B. s., B. a.,, G. m., G. f., Cl and NCI represent B.
cereus, B. subtilis, B. amyloliquefaciens, G. mosseae, G. fasciculatum,
commercial (mixed) and non-commercial (mixed) inoculants respectively. In
each case, the Y axis represents the percent reduction in insect performance on

treated plants, compared to control (untreated plants).
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Fig. 2. A model explaining the potential effects of applications (depicted by
arrows) of single vs. multiple microbial species on the rhizosphere microbial
community and insect herbivores: (a) the addition of single microbial species
will increase its population and decrease the abundance of others, possibly less
beneficial, species through antagonism, which will prime the plant for systemic
defence and reduce insect infestation; (b) the addition of multiple species will
increase their populations, with the unchanged relative abundance in the

rhizosphere. This will not elicit any chemical changes in plant tissues and so will
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not significantly influence insect growth or population dynamics.
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