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A B S T R A C T

To address food security, agricultural yields must increase to match the growing human population in the near
future. There is now a strong push to develop low-input and more sustainable agricultural practices that include
alternatives to chemicals for controlling pests and diseases, a major factor of heavy losses in agricultural pro-
duction. Based on the adverse effects of some chemicals on human health, the environment and living organisms,
researchers are focusing on potential biological control microbes as viable alternatives for the management of
pests and plant pathogens. There is a growing body of evidence that demonstrates the potential of leaf and root-
associated microbiomes to increase plant efficiency and yield in cropping systems. It is important to understand
the role of these microbes in promoting growth and controlling diseases, and their application as biofertilizers
and biopesticides whose success in the field is still inconsistent. This review focusses on how biocontrol microbes
modulate plant defense mechanisms, deploy biocontrol actions in plants and offer new strategies to control plant
pathogens. Apart from simply applying individual biocontrol microbes, there are now efforts to improve, fa-
cilitate and maintain long-term plant colonization. In particular, great hopes are associated with the new ap-
proaches of using “plant-optimized microbiomes” (microbiome engineering) and establishing the genetic basis of
beneficial plant-microbe interactions to enable breeding of “microbe-optimized crops”.

1. Introduction

It is a persistent issue worldwide that an enormous number of plant
pathogens, varying from the smallest viroid consisting solely of a single
strand of RNA, to more complex pathogens such as viruses, bacteria,
fungi, oomycetes and nematodes, cause many important plant diseases
and are responsible for major crop losses. Although there are many
causes that can be attributed to the decrease in crop productivity, the
loss due to pests and pathogens plays a crucial role in the damages
worldwide. Every year, plant diseases cause an estimated 40 billion
dollars losses worldwide [1], either directly or indirectly. At least
20–40% of losses in crop yield are caused by pathogenic infections [2].
The consequences of plant diseases range from major devastations to
minor nuisances. Some plant diseases can be highly destructive and
catastrophic on a large scale. In the 1840s, the potato late blight pa-
thogen Phytophthora infestans caused a major destructive disease that
had tremendous effects on human history, as it caused food shortages
resulting in a million deaths and migration of 1.5 million people from
Ireland [3]. Potato is the fourth largest food crop, providing more food
on a per hectare basis than any other crop and serving as an important
substitute to the major cereal crops for the world population [4]. The
annual losses of potato crops due to late blight are conservatively

estimated at US$6.7 billion per year [5–7].
Another historic example, brown leaf spot of rice caused by

Helminthosporium oryzae, had been reported in Asia, Africa, South
America and USA. It was not only ranked as one of the major rice fungal
diseases, but also one of historical interest [8]. It caused severe de-
vastation by reducing rice yields which caused the death of two million
people in Bengal in the 1940s as the direct result of calamitous famine
[9,10]. Helminthosporium maydis was the causal agent of a severe epi-
demic of southern corn leaf blight in 1970 in the USA which caused
economic hardship that destroyed 15% of the USA corn crop with losses
estimated at US$1 billion [9,10]. There are many more historic ex-
amples; refer to references [11–15] for a review of the top 10 fungal,
oomycete, bacterial and viral plant pathogens, and plant-parasitic ne-
matodes, respectively, that are considered most significant for Mole-
cular Plant Pathology.

Most alarming is the unprecedented recent trend of new fungal and
fungal-like plant pathogen alerts that have increased by more than 7-
fold since 2000 [16]. This cannot solely be attributed to improved de-
tection methods, but rather agricultural practices, in particular mono-
cultures, increased international trade and the use of only a few culti-
vars. These practices promote the evolution of more virulent strains,
often with increasing pesticide tolerance that not only affect
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agricultural crops but many indigenous wild species.
The control of plant diseases is crucial for the production of food,

fibre and biomaterials. As global food production must be increased by
at least 70% until 2050, there is growing concern for global food se-
curity, which has become one of the most important international issues
in recent times [17,18]. It is estimated that the demand for food and
global food security will continue to increase for the coming 40 years
with the growing human population and consumption. Already at
present, food systems are responsible for 60% of global terrestrial
biodiversity loss, and around 25% of the global greenhouse gas emis-
sions, hence, sustainable solutions for future food security are urgently
needed [19]. The worldwide attempt to expand food production to
answer the need for food has become serious [20,21]. The growing
world population requires an efficient management and control of
diseases in crop production. Crop protection plays a significant role in
defending crop productivity against competition from pathogens [22].
The following paragraph introduces Phytophthora cinnamomi as an ex-
ample that has gained global significance for both, food security (crop
production) as well as biodiversity of wild species.

Phytophthora cinnamomi, a soil-borne oomycete holds a special in-
terest due to its broad host range, mostly of woody species [23]. Several
studies showed that chestnut and oaks are the main species affected in
Europe [24–26] as well as ornamental crops and nursery plants such as
coniferous and broadleaf plants [27,28]. It is considered as one of the
most highly destructive forest pathogens globally [29], and is re-
sponsible for severe crop diseases [30]. P. cinnamomi is native to
Southeast Asia, but it was later found in most temperate to tropical
areas [31]. Its global spread has led to devastating consequences. For
example, in Australian soils, P. cinnamomi is now widely distributed and
causes major devastation in horticultural crops such as macadamia,
pineapple and avocado [32,33]. It has also been listed as an important
threat to the Australian environment and biodiversity by the Federal
Government [34]. Depending on the environmental conditions and
plant susceptibility, several plant species are at risk of extinction
[35,36]. Infected plants exhibit root, collar, and sometimes stem ne-
crosis as the primary symptoms, resulting in declines and stem cankers
[23]. Being predominately soil-borne, this pathogen is particularly hard
to control.

Beneficial biocontrol microbes may be one of the few options that
show potential. These can provide benefits by competing with patho-
gens or by directly antagonising plant pathogens (e.g. by production of
antimicrobial compounds; [37]). The local infection with plant patho-
gens can lead to systemic acquired resistance (SAR; [38,39]) but of
significant interest is also the ability of beneficial non-pathogenic rhi-
zobacteria to prime plants for induced systemic resistance (ISR) against
pathogens [40]. This priming offers a better preparedness to plants that
are able to respond faster and stronger to pathogen attack. Organic
mulches colonized with Gliocadium virens (KA 2301) and Tricoderma
harzianum (KA 159.2), termed “bioenhanced mulches” were found ef-
ficient in suppressing P. cinnamomi in avocado roots when used as
surface mulch [41]. In another study, disease severity and stem lesion
length of Phytophthora capsici root and crown rot of bell pepper sig-
nificantly reduced and total microbial population and the biocontrol
activity was enhanced when soil was incorporated with compost con-
taining chitosan, crab shell waste, and citrus pulp with molasses [42].

2. Plant disease management

2.1. Resistant varieties

Breeding for resistant varieties is one of the successful options and
most reliable management tools for controlling plant diseases [43]. It is
one of the most attractive approaches and can be considered as an ideal
method if good quality plants are adapted to the growing regions with
sufficient levels of tolerance and durable resistance [44]. Resistant
varieties were introduced via systematic plant breeding by choosing

varieties of high disease resistance level of the same species or genus
[45]. The control of plant diseases by means of resistant varieties has
been used in many crops and is relatively inexpensive compared to the
cost of pesticides [46] but these varieties often take decades to develop
and GM-plants suffer from extremely high regulatory approval cost and
consumer acceptance. Mixtures of two varieties by the combination of a
range of positive characters in a single crop genotype often result in the
reduction of yield loss and provide a better disease management [47].
In the USA, disease-resistant plant varieties make up 75% of the land
used in crop production [48]. For example, the control of stem rust
caused by Puccinia graminis f. sp. tritici using resistant wheat plants has
contributed to the suppression of that disease, whose infection is mainly
found on stems and leaf sheaths, as well as on leaf blades and glumes
[49–53]. In spite of all the advantages, in many countries the problems
began after the breakdown of new varieties’ resistance within several
years of their release due to several causes, such as mutations of the
pathogens toward virulence, sexual and asexual recombination events,
issues with variety uniformity in genetics, and decreasing field re-
sistance. Cases of resistance breakdown were observed in many crops,
such as blast resistance in rice, cotton leaf curl disease, grapevine
downy mildew and yellow wheat of rust [54]. New promising ap-
proaches to disease resistant varieties come from genome editing using
CRISPR/Cas9 [55] and other intragenic technologies that may be de-
regulated and considered in par with classical breeding approaches.

2.2. Chemical control

With the growing human population, the need for food has in-
creased as well, resulting in extensive use of agrochemicals targeted to
increase crop yields by protecting them from pests and pathogens.
Chemicals are one of the main components in Integrated Pest
Management (IPM) as they are crucial in preventing losses and damages
caused by plant diseases, as demonstrated with the increase in the
number of fungicide specifications since the 1960s [56]. It is undeni-
able that pesticides have brought improvements in crop quality and
agricultural output, in terms of market opportunities and facilitation of
farm work [57]. However, regardless of the significant importance of
chemicals for pest and disease management, fungicide resistance has
been one of the unavoidable problems [58,59]. As a result, every year
higher costs for fungal disease control applies and higher dosages and
new chemicals are introduced to protect crops and plants. As a con-
sequence, this has caused undesirable side effects, such as food con-
tamination, environmental dispersal and higher costs of food produc-
tion [59]. Many chemicals used in agriculture possibly also destroy the
beneficial microbes, such as beneficial endophytic fungi and bacteria
[60]. Chemical fungicides are often lethal to beneficial insects and fungi
inhabiting the soil and may also enter the food chain [61]. For example,
the use of Oryzalin and Trifluralin has been found to inhibit the growth
of certain species of mycorrhizal fungi that aid in nutrient uptake in
plants roots [62]. Furthermore, Triclopyr, a common landscape herbi-
cide inhibits beneficial ammonia-oxidizing bacteria [63]. Glyphosate,
commonly used as weed killer, also greatly reduces the growth and
activity of beneficial free-living heterotrophic bacteria that aid in ni-
trogen fixation [64].

Chemicals used to control pests and diseases are deposited on the
crops and their harvests. Reports from FAO-WHO and data provided by
the US Food and Drug Administration indicate that persistent organic
pollutants (POPs) are present in virtually all types of food, including
fruits, vegetables, poultry and dairy products [65]. With the greater
concern on the negative effects and continued dependence on toxic
chemicals for plant diseases and pest control, more attention should be
given to find and develop alternative inputs of less toxic and less dis-
ruptive methods to facilitate plant growth in agriculture in controlling
pests and pathogens in general and fungal-diseases in particular.
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2.3. Biological control

Among the alternatives, biological control of plant pests and pa-
thogens appears to the best option for the development of low cost, eco-
friendly and sustainable management approaches for protecting plants
and crops. Biologicals, including biocontrol microbes, are now accepted
as significant tools for the control of plant diseases in sustainable
agriculture [66]. A number of biological control options are available.
However, a better understanding of the complex interaction between
plants, environment and pathogens is necessary for further exploration
on this topic because it may easily fail if plants are already under high
disease pressure [67]. In plant pathology, biocontrol can be referred to
as the interrelationship of many environmental factors, aiming to di-
minish the unfavourable effects of detrimental organisms and enhance
the growth of useful organisms, such as crops, beneficial insects, and
microorganisms [68]. It often results in multiple interactions, such as
suppressing the pest organism using other organisms or the application
of antagonistic microorganisms to suppress diseases and the introduc-
tion of host-specific pathogens. The application of natural products and
chemical compounds extracted from different sources, such as plant
extracts, natural or modified organisms or gene products are other ex-
amples of biological control [68,69]. The primary idea of conducting
research on biocontrol is to reduce the reliance on agrochemical use
and the risks for human health and the environment [70]. It was de-
veloped 20–25 years ago when plant pathology research and education
attracted more interest in the application of useful microorganisms for
the management of plant diseases, including plant parasitic nematodes
[70]. The different types of interactions between the populations are
referred to as mutualism [71], protocooperation [72], commensalism
[73], neutralism [74], competition [75], amensalism [76], parasitism
[77], and predation [78]. All these biological control interactions be-
tween plants and microbes occur naturally at a macroscopic and mi-
croscopic level [68].

Throughout their life cycle, plants are vulnerable to the various
environmental challenges of abiotic and biotic stresses, such as drought,
herbivores and potentially pathogenic fungi, oomycetes, nematodes,
bacteria and viruses. In response, plants have evolved a broad range of
strategies to counter-attack and ward off attackers [79]. Plant defense
mechanisms can be categorized as passive defenses; non-host re-
sistance, physical and chemical barriers, rapid active defenses and de-
layed active defenses. Rapid active defenses involve the changes in
membrane function, the initial oxidative burst, cell wall reinforcement,
hypersensitive response (HR), resulting in programmed cell death
(PCD) and phytoalexins [80]. Delayed active defenses include pathogen
containment and wound repair, pathogenesis-related (PR) gene ex-
pression and systemic acquired resistance (SAR). Plant defense sig-
naling molecules include salicylic acid (SA), which is generally con-
sidered necessary for defense against biotrophic pathogens and SAR, as
well as jasmonic acid (JA) and ethylene (ET), both of which are in-
volved in defense against necrotrophic pathogens as well as in bene-
ficial plant-microbe interactions, including priming and induced sys-
temic resistance (ISR) [81]. The latter two terms define a state of higher
alertness of the plant that enables a faster and stronger response to
pathogen attack. Fig. 1 provides an overview of the various plant-mi-
crobe interactions, defense signaling and systemic resistance.

3. Types of pathogens and how some successful pathogens are
able to trick plants

Plants are infected by pathogens with different modes of nutrient
uptake [82]. These have direct consequences to how the plant needs to
respond. Host-pathogen relationships generally comprise three groups
according to their mode of infection on plant: necrotrophs, biotrophs,
and hemibiotrophs [83]. If this is not recognized early enough, the
plant may respond in the wrong manner which can aggravate the da-
mage. A good understanding of the pathogen’s lifestyle is therefore

important if we wish to assist plants to defend themselves.

3.1. Biotrophic pathogens

Biotrophic pathogens grow, reproduce and obtain nutrients from
living plant tissue by engaging in an intimate relationship with living
plant cells. Examples are the tomato leaf mold causal agent,
Cladosporium fulvum and Ustilago maydis which is the causal agent for
corn smut. Some of them coevolved into obligate biotrophs, and cannot
be grown on artificial media, for instance, rusts and powdery mildews
[84,85]. On the other hand, the non-obligate biotrophs which limit the
damage of host cells can be cultured on artificial media; however, they
cannot grow as saprophytes. Biotrophs have a restricted number of host
ranges where these pathogens are only fitted to particular types of
plants. These pathogens have evolved specialized structures such as
nutrient-absorbing haustoria that penetrate into the plasma membrane
of the host cells and take up the nutrient sap and release effector mo-
lecules that let them grow invasively on particular host genotypes
[85–88]. However, the pathogen is unable to initiate a parasitic re-
lationship if the host cells die in advance of invasion by the pathogen.
Hence, ROS production, HR, PCD and SAR are the most effective de-
fense responses against biotrophs and in Arabidopsis these responses are
generally associated with SA signaling.

3.2. Necrotrophic pathogens

Necrotrophic pathogens feed on dead plant tissues by killing the
cells before parasitizing the plants. Necrotrophs usually invade the host
cell through wound sites or dead cells and secrete toxins and cell wall-
degrading enzymes to destroy the host tissue. They can also live as
saprophytes outside the host cells and can be grown on synthetic media
[89]. The pathogens are unable to kill the host cell if the host genotype
is unresponsive to the toxins or the toxins are derivatized, compart-
mentalized or not released at the right time, place or concentration.
Examples of fungal necrotrophs are species of Cochliobolus, Alternaria
and Botrytis [82,85]. It is essential that plants recognize necrotrophs
early to counteract the initial oxidative burst and prevent HR and PCD.
This role is attributed to JA signaling in Arabidopsis that acts as an-
tagonistic pathway to SA signaling in this respect.

3.3. Hemibiotrophic pathogens

Hemibiotrophs such as Magnaporthe grisea, the causal agent for rice
blast, are pathogens that have an intermediate lifestyle, where they
initially have a biotrophic relationship with the host but consequently
cause the death of host cells, at which point they switch their lifestyle to
necrotrophic nutrient acquisition [90]. Phytophthora, Pythium and Fu-
sarium species have a similar lifestyle as well as some species in the
genera Colletotrichum and Venturia and the well-studied bacterium P.
syringae [85,91]. Many agronomically important pathogens belong to
this group as often crops are not able to respond with plant defense in
an appropriate and timely manner.

3.4. How successful pathogens trick plants

According to the feeding behavior of the pathogen, plants activate
different post-invasive lines of defense, mediated by phytohormones
[92]. When attacked by biotrophs, typically SA activates an HR leading
to localized PCD that limits pathogen spread, together with the pro-
duction of PRs, ROS detoxifying enzymes and antioxidants which ex-
hibit antimicrobial properties and provide protection against oxidative
stress, respectively, in the surrounding tissues [92]. SAR can then be
triggered in healthy systemic tissues of locally infected plants. Alter-
natively, necrotrophs and herbivorous insects typically activate the JA
defense signaling pathway [92]. This prevents localized cell death and
leads to the production of chemical and physical defenses against the
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pathogen. However, recently it has become clear (including findings
from our own work, [93]) that many severe pathogens hijack the wrong
pathway, leading to a further weakening of plants. For example,
hemibiotrophs, such as Fusarium spp.,

Phytophthora spp., and P. syringae as well as plant viruses can sup-
press the SA pathway by early activation of the antagonistic JA
pathway that prevents HR and cell death. This can also be interpreted
as pathogens disguising themselves as beneficial microbes. By com-
parison, root-colonizing beneficial microbes activate ISR that is also
mediated by JA and ET signaling. Some of the available microbial
products developed for agricultural applications include these microbes
in their formulation [94].

4. Microbial biocontrol options

Weller [95] predicted that a big challenge will be faced by micro-
biologists and plant pathologists who are trying to search for and de-
velop environmentally friendly control agents against plant diseases, to
limit the use of large amounts of chemical pesticides. Alternatively,
using beneficial microorganisms as biopesticides is one of the most
effective methods for safe crop-management practices that works under
low to medium disease pressure [69]. For over 65 years, studies on soil-
borne pathogens have been conducted by introducing microorganisms
into the rhizosphere [70]. Generally, the interest in this research area
has gradually increased, evidenced by a number of early books
[70,96,97] and reviews that have been published on this topic
[98–100]. In the backdrop of food security issues and the alarming
increase in recent pathogen alerts [16], there is now significant

renewed interest in this topic and all of the large Agbiotech companies
are now investing in the development of biological applications
[101,102]. It was suggested by the researchers that biological control
will continue its significance and play a major role in modern agri-
culture in the future and present.

4.1. Microbial antagonisms

The microbes that are considered ideal for use as biological control
agents are the ones that can grow in rhizospheres, where the soil is
described to be microbiologically suppressive to pathogens, as this area
provides a frontline defense for the roots against various pathogenic
attacks. Root colonization by beneficial microbes delivers their pa-
thogen-antagonising metabolites into the root system where they di-
rectly suppress pathogenic bacterial growth [103]. This antagonistic
relationship between microbes and pathogens mostly leads to sig-
nificant disease control, where the established populations of metabo-
lically active beneficial microbes initiate protection either by direct
antagonistic activity of pathogens, by outcompeting pathogens or by
stimulation of host plant defenses (priming) [104]. It also involves
antibiosis which is the secretion of diffusible antibiotics, volatile or-
ganic compounds, and toxins, as well as the development of extra-
cellular cell wall degrading enzymes such as chitinase, β-1,3-glucanase,
beta-xylosidase, pectin methylesterase and many more [103,105].

4.2. Plant-microbe interactions that assist in biocontrol

Plant roots offer an ecological habitat for the growth of soil bacteria

Fig. 1. Schematic diagram showing two different types of systemic resistance in plants. SA-dependent systemic acquired resistance (SAR) is activated upon pathogen attack, foliar
treatments of plants with microbe- or damage-associated molecular patterns (MAMPs, DAMPs), phytohormones or certain xenobiotics (e.g. some pesticides). SA-independent induced
systemic resistance (ISR) is directed primarily by jasmonic acid (JA) and ethylene (ET). Both SAR and ISR are crucial in plants for defense against biotic and abiotic stresses.
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that thrive on root exudates and lysates as nutrients. The mutualistic
interaction between plants and beneficial microbes that commonly
occurs in nature often leads to either an improvement in plant nutrition
and/or enhancement of the plant’s ability to prevail over biotic and
abiotic stress. In all cases, this provides a competitive advantage
leading to improved growth and plant proliferation [101].

A variety of endophytic bacteria and free-living rhizobacteria on the
root surface and rhizosphere utilize the nutrients released from the
host, as well as secrete metabolite substances to the soil that aid in
controlling plant diseases caused by fungi or bacteria [106,107]. This
indirect interaction between the microbes and plants causes an increase
in the supply of minerals and other nutrients that have an influence on
plant growth, for example by atmospheric nitrogen fixation or phos-
phorous solubilization [108]. The interaction between plants and a
group of biocontrol microorganisms also indirectly enhance plant
growth by suppressing pathogens’ growth and activity [109,110].
Furthermore, microorganisms can be directly involved in plant growth
promotion, by acting as agents for stimulation of plant growth and
management of soil fitness, for example through the production of
auxin [111]. This may also include mitigation of abiotic stress. Despite
their different ecological rhizosphere niches, some of the beneficial
microbes apply the same mechanisms to stimulate plant growth and
suppress deleterious pathogens [112–114]. The following sections
provide examples how certain plant-microbe interactions assist in bio-
control against pathogens.

4.3. Production of antimicrobial compounds

The colonization of the rhizosphere niche by plant growth-pro-
moting bacteria (PGPR) is assisted by the production of allelochemicals
such as iron-chelating siderophores, antibiotics, biocidal volatiles, lytic
enzymes (chitinases and glucanases), and detoxification enzymes
[113–115]. For example, rhizobacteria include antibiotic-producing
strains such as Bacillus sp. producing iturin A and surfactin, Agro-
bacterium sp. producing agrocin 84, Pseudomonas spp. producing phe-
nazine derivatives, pyoleutorin and pyrrolnitrin, and Erwinia sp. pro-
ducing herbicolin A [169,170], that are persistent in the rhizosphere
[171,172]. The mycoparasitism of phytopathogenic fungi of the Tri-
choderma and Streptomyces genera have important roles in secretion of
chitinases and glucanases [173]. A common feature of successful bio-
control strains and a crucial factor for plant root pathogen suppression
is the production of antibiotic compounds and fluorescent siderophores
that enable effective competition for iron [174]. Allelochemicals as
secondary metabolites are generated directly or indirectly by plants and
secreted into the root zone through abiotic or biochemical reactions
[116], but can also be produced by associated fungi and bacteria. Nu-
merous non-pathogenic Pseudomonas rhizobacteria have the capability
of inducing systemic resistance in plants to protect against a wide range
of plant pathogenic fungi, bacteria, and viruses [81]. In addition, they
also produce siderophores to suppress soil-borne plant pathogens
[117,118]. Bacterial siderophores inhibit plant pathogens by competing
for copper, zinc, manganese [119] and especially iron [120]. Solubili-
zation and the competitive acquisition of ferric iron under iron-limiting
conditions limit the availability of iron to other soil inhabitants and
subsequently limits their growth [121,122]. The scarcity of essential
trace elements in the soil ecology results in harsh competition between
the soil inhabitants [121].

Pseudomonas is a genus of which many species have been identified
to produce antifungal metabolites, such as phenazines, pyrrolnitrin, 2,
4-diacetylphloroglucinol (DAPG), and pyoluteorin [123]. Numerous
studies on the plant growth inducer of fluorescent Pseudomonas
[99,124] have described it as the most promising class of PGPR for
biocontrol of plant diseases [125]. This is due to their ability of rapid
and aggressive colonization in which this indirectly prevents the inva-
sion of deleterious pathogens from the root surface [126].

Many studies have reported members of the Bacillus genus as

elicitors of ISR, as well as plant growth promoters. It was indicated that
the mechanisms of elicitation are related to the cytochemical altera-
tions and ultrastructural changes in plants during pathogen attack
[127]. Some strains of Bacillus spp. were found to elicit ISR against
Cucumber mosaic virus (CMV) on tomato with severity reduction of
32–58% for PGPR-treated plants [128]. Murphy et al. [129] reported
the elicitation of systemic protection against CMV by two-strain com-
binations of Bacillus spp. incorporated into the potting mix, resulting in
a significant reduction of disease severity and significant increases in
plant fresh weight and number of fruits and flowers. Several strains of
Bacillus sp. have demonstrated an efficacy in reducing disease and
promoting plant growth under field conditions. The application of
PGPR Bacillus subtilis IN937b, Bacillus pumilus SE34 and Bacillus amy-
loliquefaciens IN937a as seed treatments for ISR against CMV on tomato
has significantly increased the yield and plant height and reduced the
disease severity and incidence [128]. Similarly, field trials conducted
on cucumber have confirmed the elicitation of systemic protection
against cucurbit wilt by Bacillus strain INR7 [128].

4.4. Priming and induced systemic resistance (ISR)

Rhizobacteria-induced systemic resistance or ISR, also referred to in
its early stage as priming, was first discovered by Van Peer et al. [130].
It is described as an enhanced defensive capacity of the whole plant to
multiple pathogens induced by beneficial microbes in the rhizosphere
[131] or elicited by specific environmental stimuli which lead to po-
tentiation of the plant’s innate defense against biotic challenges [132].
This higher state of alertness then enables the plant to respond faster
and stronger against subsequent pathogen attacks. Some selected
strains of non-pathogenic PGPR and fungi are able to activate plant
defenses in plants to reduce the activity of deleterious microorganisms,
and then initiate ISR that is mediated by JA and ET signaling [81,132].
Non-pathogenic rhizobacteria are capable of activating defense me-
chanisms in plants in a similar way to pathogenic microorganisms, in-
cluding reinforcement of plant cell walls, production of phytoalexins,
synthesis of PR proteins and priming/ISR [133].

The complex ISR system has been partially elucidated in several
model plants including Arabidopsis, with three general pathways being
recognized. Two of the recognized pathways are involved in the direct
production of PR proteins with alternate mechanisms for induction. In
one of the pathways, PR proteins are produced as the result of pathogen
attack while in the other pathway, production of PR proteins are in-
itiated due to wounding or necrosis-inducing plant pathogens. In the
pathogen-induced pathway, SA is produced by plants, contrary to the
wounding pathway which relies on JA as the signaling molecule [40].
Both pathways antagonize each other, possibly to enable the plant to
finely tune its defense response depending on the attacker encountered
[92]. The third pathway of induced resistance which leads to systemic
resistance is referred to as rhizobacteria-induced systemic resistance
(ISR) which is provoked by non-pathogenic root-associated bacteria,
and is dependent on the plant hormones JA and ethylene.

Plants with ISR exhibit stronger and/or faster activation of defense
mechanisms after a subsequent pathogen or insect attack or as a re-
sponse to abiotic stress, when inoculated with rhizobacteria [81].
Beneficial microbes play an important role in defense priming of ISR for
applied plant protection. Few studies have been conducted on the po-
tential of priming using beneficial microbes in the rhizosphere to in-
duce systemic immunity to airborne pathogens under glasshouse and
field conditions. The inducing biocontrol strain P. fluorescens WCS374
was found to suppress Fusarium wilt and increase radish yield [134].
Similarly, root colonization by the beneficial fungus Piriformospora in-
dica increased growth and yield of the medicinal plants Spilanthes calva
and Withania somnifera under field conditions [135]. It was also found
to systematically prime barley for tolerance against biotic and abiotic
stress [135]. Enhancement in the plant’s defense capability by priming
is associated with defense gene expression, de novo synthesis of PR
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proteins and antimicrobial compounds in uninfected tissue as a reaction
to the first infection. It has been reported that activation of the in-
ducible resistance and defenses in plants incur a major cost for plant
reproduction and growth [136]. However, in other studies, it has been
reported that the cost of priming in Arabidopsis is much lower than the
cost of directly inducing defense against pathogens [137]. Considering
the protection priming offers when disease occurs, one can conclude
that the benefits of priming outweigh the cost involved during activa-
tion.

The first report of ISR being observed was in carnation roots treated
with Pseudomonas sp. WCS417r which exhibited resistance when in-
oculated with Fusarium oxysporum f. sp. dianthi on the stem [130]. In
another study, seeds treated with Pseudomonas fluorescens caused a re-
duction in incidence of foliar lesions of Pseudomonas syringae pv. pha-
seolicola on bean [138]. A similar incident of induced resistance was
observed when Colletotrichum orbiculare was inoculated into emerging
leaves when PGPR was previously applied to cucumber seeds [139].

Priming is a well-known common feature of induced resistance re-
sponses to challenge pathogenic infections by beneficial microorgan-
isms [140]. Table 1 shows some of the first examples of successful
priming of plants for defense mechanisms with beneficial microbes.
Tomato roots colonized with mycorrhizal fungi showed a similar in-
teraction when systemically protected after infection with P. parasitica
[140].

5. Emerging biocontrol strategies

Deciphering the “plant-microbiome language” could be a good ap-
proach to develop new biocontrol strategies. Plants may have their own
language that allows them to communicate with their associated mi-
crobiomes by releasing a broad variety of chemicals through their
leaves and roots. This language could be what helps the plant to attract

and select specific microbes in the rhizosphere and phyllosphere that
can provide specific benefits that are needed [141]. In turn, this mi-
crobiome will influence plant health and growth, via different me-
chanisms. Similar like individual plant beneficial microbes, rhizosphere
soil microbiomes contain a wide variety of microbes that promote plant
growth through direct mechanisms by increasing the availability of
nutrients to plants, or by the production of various phytostimulators
(modulating plant hormone levels) or through indirect mechanisms by
acting as biocontrol agents.

Understanding how plants communicate will give us ideas and may
help us fight diseases without the application of chemicals. The at-
traction of specific microbes in the rhizosphere is associated to the
signaling molecules and hormones [142] and specific root exudates
[143] secreted by the plants to match their needs. The vast and well-
studied symbiosis interaction of legume-rhizobia is a good example of
chemical language where secretions of specific compounds by the
plants attract specific rhizobacteria [144,145]. Table 2 provides some
examples of known plant exudate-microbe interactions that lead to
beneficial outcomes.

Comprehensive study of the individual bioactive exudates in the
rhizosphere is required to understand the attraction of individual mi-
crobes within microbiomes to enable more accurate manipulation of
soil microorganisms before it can be adapted into agricultural practices.
The following paragraphs outline new promising approaches that may
lead to improved crop yields and potentially more resilient plants
(Fig. 2).

5.1. Use of exudates as a way to attract beneficial biocontrol microbes

Root exudates are one of the major factors that influence composi-
tion and function of rhizosphere microbial populations. Specific root
exudates attract specific beneficial microbes that match their specific

Table 1
Some early examples of successful priming of plants by beneficial microbes for ISR-mediated defense mechanisms.

Treatments Response References

Tomato roots colonized with mycorrhizal fungus Glomus mossae Fungus systemically safeguards plants against Phytophthora parasitica [140]
Cucumber plants previously inoculated with PGPF Trichoderma asperellum T203,

then infected with Pseudomonas syringae pv. Lachrymans
Priming induced in plants triggering expression of PR genes [166]

Carnation (Dianthus caryophyllus) inoculated with Pseudomonas sp. WCS417r
followed by Fusarium oxysporum f. sp. dianthi attack

Phytoalexin levels were increased compared to control plants [130]

ISR induced by Bacillus pumilus SE34 against the root-rot fungus F. oxysporum f. sp.
pisi in bean (Phaseolus vulgaris)

Appositions of phenolic material and fungal entry successfully prevented by
rapid strengthening of root cell wall at penetration site

[167]

ISR triggered by Pseudomonas fluorescens WCS417r in Arabidopsis Effective against different types of pathogens without activation of PR genes [168]
Endophytic colonization of Vitis vinifera L by plant growth promoting bacteria

Burkholderia phytofirmans strain PsJN
Accumulation of phenolic compounds and cell walls in the exodermis and
cortical cell layers

[169]

ISR activated by P. fluorescens EP1 against red rot of sugarcane caused by plant
PGPR Colletotrichum falcatum

Higher levels in the defenses related enzymes such as chitinase and peroxidase
in the treated sugarcane tissue

[170]

Pseudomonas denitrificans and Pseudomonas putida evaluated against Ceratocystis
fagacearum on oak

Oak wilt pathogen significantly reduced crown loss in inoculated
containerized live oaks

[171]

Table 2
Examples of bioactive signaling compounds that lead to beneficial plant-microbe interactions.

Exudate/Compound Beneficial microbe(s) attracted Function/Benefit to plant/Reference

Flavonoids Rhizobia N-fixation to legumes and other plants when free-living; leads to
increased yields [144,145]

JA defense signaling-specific exudates
(after MeJA treatment)

Bacillus thuringiensi, Bacillus cereus, Planococcaceae;
Paenibacillus amylolyticus; Lysinibacillus sphaericus;
Lysinibacillus fusiformis

Antifungal, antibacterial; antioomycete; insecticidal; assist in defense
against root pathogens and herbivorous insects; reduced yield losses
[142]

Arabinose, glucose, fructose, ribose,
inositol; erythritol (during P
deficiency)

To be determined P solubilization; leads to increased yields [172]

Strigolactone Mycorrhizae, Burkholderia, Frateuria, Sphingomonas,
Legionella, Talaromyces, Peziza

P solubilization, water supply, defense; leads to increased yields and
resilience against abiotic and biotic stresses (unpublished)

Malate, succinate, fumarate Pseudomonas fluorescens Suppresses pathogens Pythium ultimum, Gaeumannomyces graminis,
Fusarium oxysporum; reduced yield losses from pathogen attacks [173]
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needs (Table 2). An abundance of evidence has shown that plants
provide benefits for the microbes by attracting and maintaining specific
microbiomes using chemical exudates. For example, flavonoids released
from legumes attract specific nitrogen-fixing rhizobacteria [145] and
some beneficial rhizobacteria were found to activate the plant defense
responses to prevent foliar diseases [146]. By gathering all these in-
formation, we are able to apply this knowledge to use exudates as an
approach to attract beneficial microbes to control various plant dis-
eases. The application of soil microbiomes in agriculture has also been
practised extensively to improve plant nutrition and/or disease re-
sistance [147,148]. Our recent studies have shown that there is a cor-
relation between hormone-treated plants and defense signaling mutants
which resulted in different exudate profiles and an attraction of dif-
ferent microbial populations [142,143]. Furthermore, signaling by the
plant hormone strigolactone attracted not only mycorrhiza but also
other microbes that aid in phosphate solubilization, water supply and
defense (unpublished data). It can be concluded that we can manipulate
the rhizosphere microbial population by simply spraying plants with
signaling chemicals or altering the genotype (plant breeding) to attract
beneficial microbes [143,149].

5.2. Use of substrates to maintain beneficial biocontrol microbes near crops

Beneficial biocontrol microbes can be kept by culturing using sub-
strates as medium of growth. Substrates are the composition of nu-
trients they require for growth, metabolism and activity of microbial
cells. Bai et al. [150] showed that the majority of associated microbes
can be cultured by employing systematic bacterial isolation approaches.
This can be seen as an advantage to recruit the beneficial microbiomes
from the existing soil microbiota as well as adding and maintaining
beneficial microbes for the biocontrol of plant diseases by providing the
right substrates as media of growth. The nutritional versatility of ben-
eficial microbes, especially bacteria, make them adaptable to different
types of habitats and environments.

5.3. Phyllosphere biocontrol

Foliar diseases are a serious problem for many types of crops [151].

Among the top eight most important fungal plant pathogens worldwide,
six of them are the causal agents of serious foliar diseases [11]. It is
crucial to gain a better and clear understanding of the role of foliar
microbiomes for better insight in crop protection. The application of
microbial biocontrol agents is an environmentally friendly and viable
alternative method to synthetic chemical control [152]. Biocontrol
microorganisms have been tested as spray application on foliar dis-
eases, including powdery mildew, downy mildew, blights and leaf spots
[153]. They have also been applied as liquid commercial formulation
for controlling stem-end rot pathogen on avocado plants [154]. In an-
other study, several antagonist bacterial was found to inhibit the
growth of bacterial stem rot caused by Erwinia chrysanthemi on tomato
plants under greenhouse condition [155]. The biological products
Serenade (B. substilis QRD137) suppress floral infection of blueberries
and reduces fungal growth in flowers treated with the bacterial strain
[156]. Plants defend themselves on the leaf surface by producing an-
timicrobial compounds or by promoting growth of beneficial microbes
through the release of nutrients and/or signals [141]. Scientists have
proposed that leaf-colonizing microbes play an essential part in foliar
disease progression and prevention in plants [157]. Pre-emptive colo-
nization or niche occupation is suggested as the key factor for devel-
opment of protection against pathogens [158]. Profiling the phyllo-
sphere microbial [141] and chemical environment, and identifying and
making use of important plant-microbe as well as microbe–microbe
interactions on the leaf surface will reveal new insights into the shaping
of foliar microbiomes by plants and may ultimately lead to new stra-
tegies to enhance food security.

5.4. Breeding microbe-optimized plants

Different Arabidopsis ecotypes have shown up to 4-fold differences
in plant yield when inoculated with Pseudomonas simiae WCS417r
[149]. This demonstrates that the genetic make-up of the plant plays a
major role in the outcome of the beneficial interaction [159]. Hence,
the aim of this new approach would be to breed plants that are opti-
mized to attract and maintain beneficial biocontrol microbes. Breeding
programs have so far not taken this trait into account, but before this
can become a major effort it is essential that we better understand how
beneficial microbes are attracted and maintained. Genetic engineering
and plant breeding would enable us generate microbe-optimized plant
that produce the right exudates to attract and maintain beneficial mi-
crobes at the right time, either at the root or on the leaf [160]. Plants
design their own rhizosphere environment by the secretion of specific
exudates to improve nutrient availability and interaction with specific
beneficial microbes [160]. A prerequisite for this is that the targeted
microbes are present, so this strategy may need to link with the in-
oculum of the matching biocontrol microbes.

5.5. Microbiome engineering, plant-optimized microbes and plant-optimized
microbiomes

The aim of this new approach is to engineer or breed individual
microbes or entire microbial consortia that harbor beneficial microbes
and to maintain them for crop plants in different soil types. As a result,
we would produce plant/soil-optimized microbes and plant/soil-opti-
mized microbiomes that can be used as inoculum for different crops in
different soils. To our knowledge this strategy has not been deliberately
applied anywhere, but there is evidence that soil microbiomes adapt to
their crops over time leading to improved plant-microbe interactions
[161]. A substantial body of evidence supports the major role of the
naturally occurring plant microbiome in disease development and
progression in plants [162]. Again, it is essential that we better un-
derstand how beneficial microbes are attracted and maintained.

Fig. 2. Proposed integrated strategies for improved crop yields by making use of the
plant’s microbiome. While the use of microbial biofertilizers and biopesticides for disease
control are advancing rapidly in recent years, crop breeding programs have yet to in-
corporate amenity to beneficial plant-microbe interactions to breed “microbe-optimized
plants”. Similarly, efforts towards microbiome engineering can in the future lead to mi-
crobial consortia that are better suited to support plants. The combination of all three
approaches may be integrated to achieve maximum benefits and potentially significantly
improved crop yields to address food security.
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5.6. Matching microbe-optimized plant seed with the optimal microbiome
and soil amendment practices for each soil type

Scientists are working hard to find the right microbes that help
specific crops grow better. Microbe-coating of seeds with promising
microbes for the right soil is one of the best options for optimizing
plant-microbe interactions. Seeds laced with the right microbiomes
would be the best options compared to other applications like sprays or
root soaks when considering the transient nature of the microbiomes.
The microbiomes potentially act either as inoculants, which help plants
to absorb nutrients, or biocontrol products that aid in protecting the
plants against pests and diseases, or both. The microbiomes derived
from the soil samples are cultured and cryopreserved and stored up
before being applied to the seeds. They will ideally become part of the
rhizosphere after the seeds germinate and the plant takes root. To make
sure that beneficial microbes are maintained, some soil amendments
may be required. Maybe it would be possible to identify “probiotics” to
maintain healthy plant microbiomes.

Several powerful inoculants formulated from beneficial bacteria
(e.g. Rhizobium) for treating legume seeds are available in the market.
Apart from stimulating the formation of nitrogen fixing nodules on le-
guminous plant roots for the growth of healthier plants with better
yields, they may also help in suppressing the disease-causing microbes,
and hasten nutrient availability and assimilation. Kalra et al. [163]
demonstrated the effectiveness of vermicompost-based (granular and
aqueous extract) bioformulations from natural microbial growth-pro-
moting compounds which improve the stability and life of the bio-
formulations. Similarly, Rice et al. [164] had shown a successfully
commercialized co-culturing of the phosphate solubilizing fungus Pe-
nicillium bilaii with Rhizobium as a legume inoculant. In another study
by Liu and Sinclair [165], co-inoculation of soybean with bradyrhizobia
and Bacillus megaterium enhanced nodulation of soybean.

The integration of microbial biofertilizers, biocontrol microbes,
optimized microbiomes, soil amendments and matching microbe-opti-
mized crops for different soil types would be the penultimate goal to
benefit most from positive plant-microbe interactions. Clearly, this is a
largely untapped area that deserves major research efforts, as it holds
the promise to improve crop yields and address food security in an
environmentally-friendly and sustainable manner.
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