Chapter 23 )
Defensive Microbiomes: A Widespread s
Phenomenon in Nature

Sarah Worsley

Abstract Microbes, such as bacteria and fungi, produce antibiotic compounds
during competition with other species for resources such as space and nutrients.
Such compounds have underpinned much of modern medicine as, in their purified
form, they are widely prescribed by humans as antibiotics to cure bacterial and
fungal infections. However, numerous other organisms have been using the antimi-
crobial products of microbes to protect themselves against disease for millennia,
with many eukaryotic species forming close mutualistic interactions with defensive
microbes which live on or within their host species. In addition to producing
antibiotics, these microbes can inhibit infection by stimulating their host’s immune
system and by competing with, and thus excluding, pathogenic organisms. Devel-
oping an understanding of how interactions between hosts and protective microbes
arise and are effectively maintained over time, despite the evolution of pathogenic
resistance, could inform our own use of antibiotics as well as novel therapies. This
essay will discuss the prevalence of defensive microbiomes in nature and how their
assembly may inform future strategies to protect against disease.

23.1 Microbes Underpinning Modern Medicine

Humans have been widely using antibiotics to cure diseases caused by bacterial and
fungal agents since the late nineteenth century. Almost all of the earliest antibiotics,
and many of those used today, are the purified natural products of microbes which
have been isolated from environmental samples, such as soil (Gould 2016; Hopwood
2007). In natural systems, microorganisms produce these antibiotic compounds to
kill or inhibit the growth of other microbial species during competition for resources
such as nutrients or space.

Even before it was known that microbes were the source of many antimicrobial
compounds, ancient civilisations are thought to have used their products to prevent
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and cure diseases. For example, there is evidence that societies in Egypt and Rome
topically applied mouldy bread to wounds to prevent infections. Presumably, the
fungal species that were growing on the bread were producing antimicrobials that
inhibited the proliferation of pathogenic microbes (Gould 2016). Famously, Alex-
ander Fleming serendipitously showed that fungi could make such compounds by
leaving agar plates growing a bacteria, called Staphylococcus, uncovered whilst
away on holiday. He noticed that a contaminating fungus, called Penicillium
notatum, created bacteria-free zones wherever it was growing, suggesting that the
fungus was producing a potent antibacterial which he named penicillin (Fleming
1929). Penicillin was the first modern antibiotic to be mass-produced and was hugely
important during World War II when it was used to treat the infected wounds of
injured soldiers (Dias et al. 2012). Around the same time that Fleming discovered
penicillin, a scientist called Selman Waksman was studying a phylum of bacteria
called Actinobacteria. Waksman observed that many actinobacterial species isolated
from soil could selectively inhibit the growth of other microorganisms when they
were grown together in the laboratory (Hopwood 2007). This finding led to a
systematic search for actinobacterial isolates that could kill disease-causing bacteria
and fungi. This, in turn, resulted in the isolation of several clinically useful antibi-
otics, including streptomycin which is produced by the bacterial species Streptomy-
ces griseus and can be used to treat a variety of bacterial infections, including
tuberculosis (Schatz et al. 1944). Currently, the phylum Actinobacteria is responsi-
ble for producing over half of all clinically useful antibiotics (Hopwood 2007; van
der Meij et al. 2017; Devine et al. 2017). Genome sequencing has also revealed that
many isolates have the genetic potential to produce a huge diversity of different
natural products that may demonstrate novel activities and could also be exploited in
the future.

Thus, microbially produced antibiotics have been instrumental in reducing
human mortality throughout history, but particularly over the last century when
they became widely prescribed in the clinic. However, it is not only humans that
have exploited the products of microbial competition to prevent infection and
disease. In fact, an increasing number of organisms with markedly distinct natural
histories are being found to accumulate microbial species that produce antimicrobial
compounds. These microbes, in turn, are being shown to protect their hosts against
infections caused by parasitic and pathogenic microorganisms.

23.2 The Microbiome

Almost all organisms, at some stage during their lifecycle, interact extensively with a
complex community of microorganisms which make use of host resources and are
acquired from the host’s environment. These diverse microbial assemblages, their
collective genomes as well as the host habitat, are collectively referred to as an
organism’s microbiome (Marchesi and Ravel 2015). Advances in nucleic acid
sequencing technologies have enabled us to investigate the composition and function
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of these microbial communities in great detail and many studies have demonstrated
that there are often consistent patterns in the microbial groups that associate with a
particular host species. For example, in humans the early-life infant gut is almost
always dominated by certain species of the bacterial genus Bifidobacterium, which
are then superseded by members of the phyla Firmicutes and Bacteriodetes later in
adult life (Matamoros et al. 2013). Furthermore, several microbial communities, for
example those associated with plants and insects, have been found to be tightly
linked to host phylogeny, suggesting that particular microbial assemblages are
maintained and are changing over evolutionary time alongside their host (Brucker
and Bordenstein 2012; Fitzpatrick et al. 2018; Sanders et al. 2014).

The non-random accumulation of microbial communities within the host
microbiome suggests that host species may be able to influence which microorgan-
isms they associate with. In fact, hosts are expected to experience strong natural
selection to filter the enormous pool of microbial species available to them and
evolve mechanisms that encourage the persistence of microbes that provide them
with significant fitness benefits (Archetti et al. 2011; Foster et al. 2017; Scheuring
and Yu 2012). Microorganisms can be advantageous to their host in a number of
different ways. For example, many provide their hosts with nutritional benefits by
breaking down complex, otherwise indigestible molecules, or by supplementing the
host diet with essential nutrients through pathways such as nitrogen fixation or
phosphate solubilisation. Other symbionts, which are the focus of this essay, can
provide protective benefits to their host by inhibiting the growth and invasion of
pathogenic and parasitic organisms.

23.2.1 Leafcutter Ants and Their Protective Microbes

Attine leafcutter ants represent a fascinating example of a defensive mutualism
between antimicrobial-producing bacteria and a eukaryotic host. Leafcutter ants
are indigenous to Central and Southern America and are renowned for their
specialised agricultural activities. Worker ants collect fresh leaf material from their
surrounding environment which is then taken back to their nests and used as a
compost to grow a mutualistic food fungus, called Leucoagaricus gongylophorous
(Worsley et al. 2018; Currie 2001). In return for a growth substrate, the fungus
produces swellings called gongylidia which are rich in lipids and proteins. These are
harvested by the ants and used as the sole nutrients source for the queen and her
larvae (De Fine Licht et al. 2014; Currie 2001).

Although this system is effective, the clonal fungal cultivar is a rich food source
and is therefore at risk from being parasitised by other organisms. Indeed, another
fungus called Escovopsis weberi is highly specialised to grow on the food fungus
and, if left unchecked, can cause ant colony collapse. This occurs when the ants are
starved of their food source and eventually die or abandon their nest (Currie et al.
1999a; de Man et al. 2016). However, the ants have evolved several lines of defence
against such invasions, including specialised behaviours that enable them to detect
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and weed out pieces of infected garden (Currie and Stuart 2001). As an additional
line of defence, leafcutter ants also interact extensively with antibiotic-producing
bacteria in the phylum Actinobacteria. These bacteria grow as a visible white mass
on specialised structures that are found on particular regions of the ants cuticle
(Currie et al. 1999b; Andersen et al. 2013; Kost et al. 2007; Currie et al. 20006).
Fueled by competition for the nutrients provided by the ant host, the bacterial
mutualists produce a variety of antibacterial and antifungal compounds. These
compounds have been shown to inhibit the growth of other microorganisms that
might invade the fungus garden, including the parasite E. weberi, and have also been
identified at active concentrations in the nests of leafcutter ants (Currie et al. 1999b,
2003; Barke et al. 2010; Haeder et al. 2009; Sen et al. 2009; Worsley et al. 2018;
Schoenian et al. 2011).

However, there is an interesting evolutionary twist to this story—E. weberi has
recently been shown to combat both of the ants two major lines of defence. The
parasite has evolved to produce chemicals, called shearinine D and melinacidin IV,
that not only prevent the weeding behaviours of the ants by causing paralysis and
eventual mortality, but that also inhibit the growth of the actinobacterial symbionts
(Heine et al. 2018). Despite this, widespread resistance does not seem to be the case
in nature and the attine-actinobacteria mutualism is thought to have survived and
enabled ants to farm their fungus for over 50 millions years (Currie et al. 2006).
Instead, a constant coevolutionary arms race seems to be occurring within the
leafcutter ant system, involving the Escovopsis parasite, the ants, and their protective
symbionts. The evolution of resistance in Escovopsis drives the evolution of novel
antimicrobial compounds in the mutualistic Actinobacteria and therefore prevents
the dominance of resistant parasite strains (Currie et al. 2006; Pathak et al. 2019;
Worsley et al. 2018). Additionally, different actinobacterial species on the ants’
cuticle produce different types of antimicrobial compound, resulting in a form of
multidrug therapy whereby parasites are faced with too many compounds to evolve
resistance to all of them at once (Barke et al. 2010; Seipke et al. 2011).

23.2.2 Actinobacteria as Protective Symbionts

Leafcutter ants are not alone in recruiting antibiotic-producing Actinobacteria to
protect against disease. In fact, Actinobacteria are thought to be involved in approx-
imately half of all described examples of defensive mutualism (Kaltenpoth 2009)
and interact with a range of terrestrial and marine invertebrates, as well as several
plant host species (Kaltenpoth 2009; Seipke et al. 2012; Viaene et al. 2016). Apart
from having a diverse secondary metabolism capable of producing many antimicro-
bial natural products, Actinobacteria are also characterised by a lifecycle involving
filamentous growth and spore-forming stages. Members of this phylum are also
capable of subsisting on a wide range of carbon sources and metabolic waste
products that are often present at very low concentrations. Together, these charac-
teristics may have enabled Actinobacteria to interact with a diverse range of hosts
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and become so widespread as defensive symbionts (Kaltenpoth 2009). It is possible
that many actinobacterial species began as commensals or mild parasites, competing
with other microbial species for host resources. The production of antimicrobials
during this microbial warfare may have, in turn, become beneficial to the host by
preventing pathogenic infection. This may have driven the evolution of host mech-
anisms to ensure that Actinobacteria were consistently able to colonise the
microbiome (Kaltenpoth 2009). The spore-forming capabilities of Actinobacterial
species may have also aided this process by enabling species to resist environmental
stressors that may be experienced in the absence of the host during inter-individual
and inter-generational transmission (Kaltenpoth 2009).

The spore-forming capabilities of actinobacterial species may be particularly
important during symbiosis with solitary ‘Beewolf’ digger wasps. Female solitary
digger wasps (in the genera Pilanthus, Trachypus and Philanthinus) lay their eggs in
burrows, which they dig into the soil and provision with a paralysed honey bee; the
developing larvae feed on the bee before spinning cocoons (Kaltenpoth 2009;
Kaltenpoth et al. 2005). The brood chambers are humid and damp providing optimal
growth conditions for a variety of fungi and bacteria. However, to prevent develop-
ing infections, the mother wasp coats the brood chamber walls with secretions
containing a species of Actinobacteria, called Candidatus Streptomyces philanthi,
which the wasp cultures in specialised antennal glands (Kaltenpoth et al. 2005,
2006). These bacteria then become incorporated into the larval cocoon and produce
antibiotics on the cocoon surface (Kroiss et al. 2010). Remarkably, the Streptomyces
symbiont can remain viable on the cocoon wall as spores for up to nine months
before the larva emerges, despite the cocoon surface being a very poor environment
with limited nutrients availability (Kaltenpoth et al. 2010). This long-term survival
also allows the Streptomyces bacteria to be vertically transmitted across wasp
generations as they are then taken-up by the fully-developed females that emerge
from the cocoons (Kaltenpoth 2009; Kaltenpoth et al. 2010).

23.2.3 Competitive Exclusion and Modulation of the Host
Immune System

Actinobacteria are important symbionts for many organisms, however, defensive
microbes are not limited to this bacterial phylum. In fact, a large number of other
bacteria, across a wide range of phyla, are also known to provide their hosts with
protection against disease. For example, hoopoe birds (Upupa epops) are known to
culture high densities of Enterococcus bacteria in their uropygial (preen) glands;
these bacteria produce volatile antimicrobial substances that are known to inhibit the
growth of feather-degrading microorganisms (Martin-Platero et al. 2006; Martin-
Vivaldi et al. 2010). Similarly, embryos of several species of crustacean are coated in
a dense growth of Gram-negative bacteria that produce antifungal compounds
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against the fungal pathogen Lagenindium callinectes (Gil-Turnes and Fenical 1992;
Gil-Turnes et al. 1989).

Most described examples of defensive mutualisms involve bacterial partners. In
comparison, far less is known about the role that fungal species can play in providing
protective benefits to host organisms. This is partly because, relative to bacteria,
fungi remain hugely understudied in the context of the microbiome. They can also be
difficult to culture, making it hard to characterise their function. However, genomic
studies as well as bioactivity assays using fungal isolates have demonstrated that
many fungal species encode a diverse secondary metabolism capable of making a
large arsenal of different antimicrobials (Rateb and Ebel 2011). Fungal species are
also hugely abundant in the microbiomes of many species and in some cases, such as
sponges, are transmitted maternally across generations suggesting that they can be
closely associated with their host organisms (Maldonado et al. 2005). One of the few
examples of a defensive fungal symbiont is the association between leaf rolling
weevils (Euops chinensis) and the fungal species Penicillium herquei. The Penicil-
lium symbiont is added to the leaves in which the weevils roll their eggs and larvae.
Here, it has been shown to produce the antimicrobial scleroderolide which inhibits
the growth of microbial pathogens (Wang et al. 2015). With greater study and the
development of new techniques, further examples of defensive partnerships involv-
ing fungi may come to light.

Antibiotic production is a key mechanism by which microbes are able to protect
their host against infection. However, this often also works in addition to, or in
combination with, other mechanisms. By colonising a host and taking up resources
such as space and nutrients, symbiotic microbes can also competitively exclude
pathogenic or parasitic microorganisms which use the same resources. For example,
in mice, a bacterial species called Bacteroides thetaiotaomicron, is known to
consume carbohydrates that are required for the growth of Citrobacter rodentium
(a mucosal pathogen of mice). By preventing access to a key resource,
B. thetaiotaomicron is able to exclude the pathogenic species from the mouse
intestinal lumen (Buffie and Pamer 2013).

Members of the microbiome can additionally contribute to the defence of their
host by priming the host immune system so that it can efficiently respond to
pathogenic attack. For example, evidence from mouse models suggests that com-
mensal bacteria in the intestinal tract can enhance host immunity by directing the
development of immune cell populations involved in both innate and adaptive
immune processes. These bacteria also promote the production of antimicrobials
and pro-inflammatory factors by cells in the gut (Buffie and Pamer 2013; Hooper
etal. 2012). Similarly, bacterial symbionts that colonise plant roots, such as Bacillus,
Streptomyces and Pseudomonas species, have also been shown to prime the plant
immune system, resulting in an elevated and accelerated response to pathogenic
infection (Pieterse et al. 2014; Kurth et al. 2014). The plant host recognises residues
on the surface of these beneficial microbial species (called microbial associated
molecular patterns, or MAMPs) which leads to the activation of signaling cascades
involved in mounting an immune response. These pathways are then primed to
respond to pathogenic invasion (Pieterse et al. 2014; Selosse et al. 2014).
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23.3 Selecting Protective Microbes

In many cases, protective microorganisms appear to be a consistent part of, or even
dominate, the host microbiome. For example, Actinobacteria massively outnumber
other microbial species on the cuticles of leafcutter ants (Andersen et al. 2013) and
Bifidobacteria dominate the infant human gut, where they inhibit the growth of
pathogens and promote immune system development (Matamoros et al. 2013). A
great challenge is to understand how a host can selectively associate with these
microbial species when it is exposed to a huge environmental pool of microbes. Such
knowledge could enable us to enhance the presence of beneficial microbes, for
example in the human gut following a course of antibiotics, or in the roots of
economically important crop plant species to reduce yield losses caused by disease.

23.3.1 The ‘Partner Choice Problem’

The issue of how a host recruits specific microbes is often referred to as the ‘partner
choice problem’. This is because for a host to be able to accumulate beneficial
species, it must be able to distinguish between different strains in its environment
and limit its interactions to microbes that provide it with significant benefits (Archetti
et al. 2011). For many instances of partner choice in nature individuals can distin-
guish between better or worse partners via costly phenotypes. For example, elaborate
male ornaments, such as tail feathers, facilitate mate choice in many bird species,
since only high-quality individuals can afford to invest in these (Archetti et al. 2011).
However, with microbial-host interactions, it seems unlikely that such signals could
exist and be detected by the host, allowing discrimination between thousands of
microbial species. Instead other mechanisms are thought to enable hosts to indirectly
bias the accumulation of beneficial microbial species from their environment
(Archetti et al. 2011; Boza et al. 2019; Scheuring and Yu 2012).

One mechanism by which a host could encourage the colonisation of protective
species within its microbiome is by giving certain microbes preferential access to
resources in the host niche. The simplest way by which this can occur is by
transmitting them vertically across host generations, rather than acquiring them
horizontally from the environment (Boza et al. 2019). This is the case for leafcutter
ants, which remain sterile before they hatch from the pupal stage (Marsh et al. 2014).
Following hatching, they are inoculated with the antibiotic-producing
Actinobacteria that grow on older worker ants, within a 24 h window (Marsh et al.
2014). These filamentous Actinobacteria then bloom over the ant cuticle in the
absence of any competition, before receding to grow around specialised crypts
which are thought to supply the cuticular microbiome with resources (Currie et al.
2006).

A second mechanism by which a host could drive the accumulation of beneficial
microbial species is by providing its microbiome with specific nutrients that are
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preferentially utilised by microorganisms with the desired metabolic capabilities,
such as antibiotic production (Boza et al. 2019; Foster et al. 2017). This hypothesis
can be extended, since resources can also drive competition between strains. There-
fore, hosts could also provide their microbiome with resources that ensure beneficial
microorganisms successfully outcompete other species (Archetti et al. 2011;
Scheuring and Yu 2012). There are several examples of this occurring in corals
which, along with their dinoflagellate symbionts, produce large quantities of the
compound dimethylsulfoniopropionate (DMSP) (Raina et al. 2013). It is thought that
bacteria that can degrade DMSP may have a nutritional advantage over
non-degraders and that this compound could therefore be important in structuring
the initial coral microbiome (Apprill et al. 2009; Raina et al. 2010). Interestingly, one
bacterial coloniser, called Pseudovibrio, can also use DMSP as a precursor to
produce antimicrobial compounds that inhibit the growth of coral pathogens,
suggesting that DMSP may also play a role in fuelling competitive exclusion and
host protection (Raina et al. 2016).

Finally, a host can also direct microbiome establishment by producing com-
pounds or barriers that block the colonisation and survival of non- beneficial species,
whilst still enabling or promoting colonisation by beneficial species (Boza et al.
2019). Plants exude a variety of toxic molecules, called allelochemicals, which
inhibit a broad range of bacteria, fungi and invertebrates, as well as other plants
growing in close proximity (Neal et al. 2012; Hartmann et al. 2009; Bais et al. 2006).
Beneficial microbial species must be able to tolerate allelochemicals to colonise the
root microbiome of the host plant. The compound DIMBOA (2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one) is an antimicrobial allelochemical that is constitu-
tively produced by maize seedlings and is toxic to many bacterial species (Neal et al.
2012). However, the plant-beneficial species, Pseudomonas putida, is able to
degrade DIMBOA and additionally upregulates the production of a broad-spectrum
antibiotic called phenazine in response to detecting the compound, allowing effec-
tive colonisation of the root microbiome and host protection against fungal patho-
gens (Neal et al. 2012).

23.4 Taking Inspiration from Defensive Microbiomes

As discussed, defensive microbiomes appear to be a widespread phenomenon in
nature and in several instances, such as in the leafcutter ant and beewolf digger wasp
systems, there is evidence to suggest that they have remained effective at
suppressing pathogens over millions of years. On the flip-side, humans have been
extensively using antimicrobials as medicine and in agriculture for around a century,
but we have seen a rapid rise in pathogenic resistance and a concurrent decrease in
the effectiveness of clinically available antibiotics. This contrast begs the question of
whether there is anything to be learnt from the protective mutualisms that have
evolved in nature between hosts and microbial species and if an understanding of
how protective microbiomes evolve could lead to new ways to combat infections.
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23.4.1 Novel Antimicrobial Compounds

With the rapid emergence of drug-resistant pathogens, there has been a renewed
effort to search for novel antimicrobials in the environment. In the past, antimicro-
bials were isolated from soil samples, however, frequent re-discovery of the same
compounds has encouraged scientists to explore other niches for new antimicrobials.
Increasingly, it is thought that defensive microbiomes may yield structurally diverse
and novel compounds that have a greater efficacy against human pathogens (Adnani
et al. 2017; Chevrette et al. 2019; Seipke et al. 2012). Within the microbiome,
microbial species face intense competition for host resources. This fuels the produc-
tion of antimicrobial agents as species produce them to inhibit the growth of
competing microorganisms. Symbiotic species that rely on their host for resources
must also ensure continued host survival. Thus, coevolutionary dynamics between
invading pathogens, symbionts and host organisms, are expected to result in the
continued evolution of novel antimicrobial compounds with distinct activities. These
may be able to target pathogen populations that are clinically relevant (Pathak et al.
2019; Adnani et al. 2017; Chevrette et al. 2019). For example, a group of compounds
called the formicamycins have recently been isolated from a species of Streptomyces
growing in association with African fetraponera plant-ants; these compounds were
shown to inhibit multidrug resistant pathogens which showed no evidence of being
able to evolve resistance, suggesting that the formicamycins had a highly effective
mode of action (Qin et al. 2017). Looking within microbiomes for new antimicro-
bials may also prove advantageous, since compounds produced by beneficial
microbes that interact with a eukaryotic host are likely to prove less toxic to
human cells, or those of other animal and crop species (Adnani et al. 2017).

23.4.2 Safeguarding Our Antimicrobials

There is evidence to suggest that several defensive mutualisms have remained
effective for millions of years, with little evidence of pathogenic resistance evolving
in these systems. For example, Beewolf digger wasps are thought to have been using
the same antibiotics (produced by their Streptomyces symbionts) since the Creta-
ceous period (Engl et al. 2018). It is thought that pathogen resistance is avoided in
this system because the Streptomyces symbionts produce a large variety of antimi-
crobials at any one time. In fact, it has been shown that multiple antimicrobials, that
vary slightly in their structure and activity, can be produced from the same gene in
the Streptomyces symbiont’s genome (Engl et al. 2018). This variable cocktail, in
addition to the targeted application of antibiotics in the larval brood chamber, is
thought to reduce the chances of pathogen resistance evolving, as multiple cellular
processes are targeted at once. Such multidrug strategies are thought to be common
across vertebrate and invertebrate species (Florez et al. 2015). Leafcutter ants are
also known to use multidrug therapy to combat infections in their fungal gardens;
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worker ants host slightly different actinobacterial communities on their cuticles and
each bacterial specie is capable of making multiple different antimicrobials, which
are also thought to be constantly evolving (Barke et al. 2010; Seipke et al. 2011;
Worsley et al. 2018). Although the use of multidrug therapy in humans is contro-
versial, varying our antibiotic usage and ensuring that their application is targeted
(to bacterial or fungal infections only), may help to safeguard novel antibiotics into
the future.

23.4.3 Manipulating Microbiomes

Developing an understanding of the host mechanisms and environmental factors that
influence the assembly of a microbiome could inform strategies to manipulate their
composition. For example, there is great interest in being able to enhance the
presence of beneficial, protective microbial species within the microbiome to
improve or restore host health. An increasing number of studies are demonstrating
that the human infant gut microbiome can be profoundly disrupted by factors such as
antibiotic treatment, birthing method (C-section versus vaginal birth) and formula
feeding (Mueller et al. 2015; Tamburini et al. 2016). This in turn is linked to an
increased risk of developing infections caused by pathogenic strains, such as Clos-
tridium difficile, as well as immune and metabolic diseases later in life (Mueller et al.
2015; Tamburini et al. 2016; Matamoros et al. 2013). Thus, scientists are investi-
gating ways to restore the healthy infant gut microbiota and increase its resilience to
infection. It is known that human breast milk contains a high density of complex
oligosaccharides and long-chain polyunsaturated fatty acids and that each of these is
preferentially consumed by a single species of co-adapted gut bacteria (Tamburini
et al. 2016; Matamoros et al. 2013; Zivkovic et al. 2011). For example, specific
oligosaccharides are known to promote the proliferation of Bifidobacterium species
which play an important role in inhibiting the growth of pathogens and directing
immune system development (Tamburini et al. 2016; Matamoros et al. 2013;
Zivkovic et al. 2011). Many public health organisations now recommend breast
feeding over formula milk whenever possible. Several studies have also looked into
whether formula milk could be modified to include important components of breast
milk; these would act as prebiotics to restore or promote the defensive microbiome
(Borewicz et al. 2019; Mueller et al. 2015; Tamburini et al. 2016).

Similarly, there is a lot of interest in manipulating the root microbiome of key
food crop plant species to suppress disease and improve harvestable yields (Newitt
et al. 2019; Zhang et al. 2015; Ryan et al. 2009). This method could act as a potential
alternative to the application of environmentally damaging chemical pesticides and
also provide a mechanism of protection when there are no resistance genes available
to breed into the crop of interest (Newitt et al. 2019). Several potential methods to
manipulate plant root microbiome composition are beginning to be explored. This
includes the application of antibiotic-producing biocontrol agents as probiotic seed
coatings before sewing the crop (O’Callaghan 2016); this ensures that beneficial



23 Defensive Microbiomes: A Widespread Phenomenon in Nature 507

strains are delivered to the soil directly surrounding the germinating seed, enhancing
their potential to colonise and compete on the emerging roots. This strategy mimics
the vertical transmission of strains seen by other eukaryotic hosts, such as leafcutter
ants. Plants also release approximately 20% of the carbon that they fix during
photosynthesis into the soil via their roots (Bais et al. 2006; Chaparro et al. 2013).
This root exudate contains a huge variety of carbohydrates, proteins and organic
acids which can all act as substrates or inhibitors for different microbial species (Bais
et al. 2006). For example, secretion of the tricarboxylic acid intermediate, malic acid,
by the plant species Arabidopsis thaliana has been shown to enhance the recruitment
of the bacterial species Bacillus subtilis to roots when plants are infected with a foliar
pathogen (Rudrappa et al. 2008). An increased release of malic acid from the roots
initiates the movement of B. subtilis towards A. thaliana and promotes the subse-
quent formation of biofilms by this bacterial species on the plant roots (Rudrappa
et al. 2008). In turn, B. subtilis is capable of priming the plant host’s immune system,
reducing the severity of infections (Rudrappa et al. 2008). Understanding the role of
individual root exudates, like malic acid, as well as the genetics underlying their
production and release from roots could enable crop breeders to create new plant
lines that are more effective at attracting protective bacteria (Zhang et al. 2015; Ryan
et al. 2009).

Thus, understanding how organisms interact with protective microbes in natural
systems could provide the inspiration to develop novel methods of disease control
for the benefit of human health, agriculture and conservation. Major challenges
include unpicking the complexity of microbiomes and understanding the factors
that contribute to microbial community variation and stability over time. New
technologies could further enable the exploration of defensive mutualisms involving
underexplored microbes, such as fungi and viruses, which could also open up novel
avenues for disease prevention into the future.

Sarah Worsley
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