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Farming systems are under pressure to sustainably increase

successfully translate potential to practical outcomes, both

productivity to meet demand for food and ﬁbre for a grow-

fundamental and applied research are needed to overcome

ing global population under shrinking arable lands and

current constraints. Research efforts need to be embedded

changing climatic conditions. Furthermore, conventional

in industrial requirements and policy and social frame-

farming has led to declines in soil fertility and, in some

works to expedite the process of innovation, commerciali-

cases, inappropriate and excessive use of chemical fertili-

sation and adoption. We propose that learning from the

sers and pesticides has caused soil degradation, negatively

advancement in the human microbiome can signiﬁcantly

impacting human and environmental health. The soil and

expedite the discovery and innovation of effective microbial

plant microbiomes are signiﬁcant determinants of plant

products for sustainable and productive farming. This

ﬁtness and productivity. Microbes are also the main drivers

article summarises the emergence of microbiome technol-

of global biogeochemical cycles and thus key to sustainable

ogies for the agriculture industry and how to facilitate the

agriculture. There is increasing evidence that with devel-

development and adoption of environmentally friendly

opment of appropriate technologies, the plant microbiome

microbiome technologies for sustainable increase in farm

can be harnessed to potentially decrease the frequency of

productivity.

plant diseases, increase resource use efﬁciencies and ultimately enhance agricultural productivity, while simulta-

The global population is expected to reach 9 billion by 2050 and an

neously decreasing the input of chemical fertilisers and

increase of 70–100% in farm productivity is needed to meet the

pesticides, resulting in reduced greenhouse gas emissions

demand for food and ﬁbre. This increase in agriculture productivity

and promoting environmental sustainability. However, to

needs to be met from a shrinking arable land area due to multiple
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demands (e.g. food, fuel, ﬁbre and climate mitigation) and land-

species under different environments and management practices)

degradation. Current farming practices that use chemical fertilisers

approach is gaining scientiﬁc attention6,7. The core microbiome is

and pesticides have contributed signiﬁcantly to increase farm

considered a critical component for essential functions for holo-

productivity but have also contributed, in some cases, to chemical

bionts (i.e. plant plus microbiota) as they are enriched, selected and

contamination, soil degradation, loss of biodiversity and compro-

inherited by evolutionary steps6. The core microbiome of a number

mised soil and water quality, which together impact overall envi-

of crops including maize, barley, rice, soybean, lettuce, and sugar-

ronmental sustainability and can impact human health. Agriculture

cane have been reported7–9 with some taxa present in most of the

productivity faces additional major challenges including structural

studied crop hosts. However, few biogeography studies have

decline in soil fertility (i.e. increase in inputs does not result in

questioned the universal distribution of taxonomic core micro-

proportional yield gain) and negative impact of climate change

biome under various environmental conditions. It has been sug-

1,2

including extreme weather events . Emerging microbiome

gested that the microbiota recruited by a given plant genotype in

approaches have potential to address most of these challenges as

different environments seems to share greater functional than

a complimentary approach to conventional farming.

taxonomic similarity6. According to this view, elucidating a func-

The plant microbiome, which consists of microbiota associated
with all plant compartments (e.g. root, stem, leaves, ﬂowers, seed),
many of which have a wide and beneﬁcial impact on plant ﬁtness
and productivity, if exploited appropriately, can boost agricultural
productivity and environmental outcomes. The plant microbiome
affects host physiology and productivity by improving resistance
to biotic (e.g. disease and pest attack) and abiotic (e.g. nutrient and
3

tional core microbiome either by directly looking for functional
attributes (using metagenomics such as shotgun sequencing) or
indirectly through taxonomic information (using methods such as
PICRUSt and Tax4Fun) will provide better understanding of the role
of the microbiome in plant performance and health that can be
harnessed for improving farm productivity for multiple crops.
The identiﬁcation of a core microbiome of various crop species will

water limitation, heavy metal contamination) stresses . The plant

help to identify plant-associated microbes that should be priori-

microbiome is immensely diverse and comprises mainly mutual-

tised for further research, inclusion in culture collections, and

istic partners where microbes receive carbon and habitats in return

manipulative experiments to improve crop productivity further.

for supply nutrients and defense provision against plant pests and

Fast moving omics technologies (genomics, metagenomics, meta-

pathogens. Manipulating the plant microbiome has great potential

transcriptomics and metaproteomics) can provide the information

to increase farm productivity by enhancing resource (e.g. water and

on key functional roles of uncultivable microbes within the plant

nutrients) use efﬁciency and reducing the impact of disease and

microbiome10 and identify those that are adaptive to environmental

pest incidences. Because plant and microbial associations have

pressures. Comparison of the core microbiomes between plant

evolved together for millions of years, they have well-developed

species and genotypes within a species reveals host-driven differ-

mutual recognition, association and communication mechanisms4.

ences in microbiome assembly. The mechanisms by which hosts

Identifying drivers of microbial assembly and communication

assemble microbial community are not fully understood, although

molecules can therefore signiﬁcantly advance our ability to manip-

plant biochemical traits such as hormones, secondary metabolites,

ulate microbiomes for better outcomes.

cuticle composition, root length and exudates, and plant defences
(immunity) have been identiﬁed as important determinants.
Because the crop microbiome, plant phenotype, and environment

Concept of core and hub microbiome

interact to affect yield, comparing the microbiomes of plants grown

There is growing evidence that different plant species harbor

in contrasting environments can potentially provide key insights of

distinct microbiomes that are signiﬁcant determinants of their

the microbial role in plant ﬁtness. Microbes that are especially

survival and ﬁtness . However, not all plant microbiota are bene-

common in challenging environments are more likely to protect

ﬁcial. In fact, a signiﬁcant proportion are opportunistic microbes

yield under biotic and abiotic stresses. The core microbiome still

which are there only to exploit available nutrients and a small

contains hundreds of microbial ‘species’ and therefore, it is

number are plant pathogens3,5, which may dominate under certain

logistically difﬁcult to manipulate the systems. To address this

environmental conditions and limit crop productivity. Therefore,

challenge, a ‘hub microbiota approach’ has been used11. This

identifying beneﬁcial microbes is a critical ﬁrst step to harness them

approach is based on the concept that microbiomes are a complex

to sustainably increase farm productivity. In this regard, applying

and inter-connected network where different populations have

the core microbiome (persistent members of microbiota that

different roles and some ‘keystone or hub species’ are crucial for

appear in all communities associated with a particular crop or plant

maintenance of the functioning network7,11,12. The ﬁnding that the

3
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effect of host and abiotic factors can cascade through communities

effective performance in greenhouse studies was not replicated in

via ‘hub’ microbes is important to understand the ﬂuctuations in

ﬁeld conditions. In several cases microbial products were not able

community structure and functions that can be linked to plant

to colonise plants or were outcompeted by indigenous microﬂora.

performance. Theoretically, these hub species are highly intercon-

Sustaining the efﬁciency of microbial products for the duration of

nected and centre of the microbial network and therefore, chang-

the crop cycle is another major challenge. Activities of several

ing any of the hub microbiome can have a signiﬁcant impact on the

microbes are inﬂuenced by abiotic (e.g. soil types, pH), climatic

core and overall microbiome of plant species. Thus hub microbiota

(e.g. drought) and biotic (e.g. competition with indigenous micro-

are prime targets for in situ manipulation of the crop microbiome

ﬂora, recognition of host-microbial interactions) conditions.

for better productivity and environmental outcomes.

Microbes not only need to survive but colonise crop plants and
maintain activities for at least the duration of the crop cycle. In other
words, microbial products, in several cases, perform short of the

Current status and challenges

gold standard for industry, i.e. works in all environmental condiUse of microbes for agriculture has been practiced for several
decades, mainly in the form of bio-fertilisers and bio-pesticides.
These are mainly one-species products that either provide nutrients, particularly nitrogen (e.g. use of symbiotic rhizobia or freeliving Azotobacter), mobilise phosphorus (e.g. Penicillium species) or protect against pests; insect (e.g. Bacillus thurengenesis)
or fungus (e.g. Trichoderma viride). In recent years, a number of
start-up companies (e.g. Indigo Ag, Chr-Hansen, NewLeaf Symbiotics, Growcentia) and large multi-national companies (e.g. Bayer
Ltd, Nufarm, Monsanto BioAg) have commercialised microbial
products for enhancing farm productivity. In fact, microbial products are one of the fastest growing start-ups and are expected to
have global market of $6.4 billion by 2022. It is estimated by 2020,
there will be more bio-pesticides in the European market than
chemical pesticides and within the next few years, microbial pro-

tions and at all crop stages. These are serious challenges that need
to be overcome if microbial products can be used alongside or as
a substitute to agrochemicals. In addition to these technical challenges, different collection and analysis techniques, reagents,
and parameters may introduce variations in microbiome results
further compounding the biologically relevant role of the microbiome in practical settings14. Equally important, with the present
‘microbiome potential’, it should be emphasised that the structure
and function of the microbiome are only one component in the
multi-trophic cascades that determines host response. Thus, only
an integrative multivariable approach, which integrates the physiology and genetics of both host and microbiome, as well as other
environmental variables (including stress such as drought), may
ensure that microbiome-based approaches are implemented to
their fullest potential to inﬂuence plant production and health.

ducts will have complementary markets of chemical pesticides ($55
billion1). This projection is based on the fact that current microbial
(~5% of the total microbiome) and biochemical characterisation

Two key approaches for harnessing the plant
microbiomes

of whole microbiomes for agriculture products is in its infancy.

A simpliﬁed approach for harnessing plant microbiomes (we used

Further, the majority of cultivable microbes have yet to be explored

this term both for isolated consortium and in situ microbiome) is

for their plant beneﬁcial activities. For example, more than 50% of

outlined in Figure 1. First, characterisation of plant beneﬁcial

products are based on a small proportion of cultivable species

13

but only 11% of

microbes can be achieved by the isolation from the rhizosphere,

pesticides have biological origin, suggesting that most pesticidal

phyllosphere or endosphere. Isolates can be screened for their

properties from microbes are yet to be discovered. These possi-

plant growth-promoting properties, and interspeciﬁc interaction

bilities have attracted signiﬁcant investments from both govern-

assessed. Through selection of those microbes that demonstrate

ment agencies and private companies. However, to realise the full

synergistic interactions between each other and with plants (as

potential, a number of technical, regulatory and social challenges

opposed to those that are antagonistic), a core microbiome that

need to be addressed.

leads to plant and environmental beneﬁts can be identiﬁed and

human medicines come from natural resource

The technical challenges are signiﬁcant. First, we are unable to

harnessed directly.

cultivate most environmental microbes (>95%) and that means
most microbial metabolisms involved in plant health are not yet

Improvised traditional approaches

characterised. This heavily constrains our ability to harness them

Traditional methods of microbial screening and isolation and their

for agriculture productivity. Second, the performance of microbial

use in agriculture have provided some success both in nutrient

products in ﬁeld conditions has been mixed and in some cases

supply and pest management. However, improvement in isolation

M I C R O B I O L O GY A U S T R A L I A M A R C H 2 0 1 8
*

19

In Focus
Cultivable approach

•

Improved method of
microbial culture

•

Genome-assisted
approach

Non-Cultivable: In situ Microbiome
approach

•

Transgenic plants

•

Signalome approach

•

Hub microbiota
appraoch

•

Synthetic biology

•

microRNA

Plant-assisted microbial
breeding

•

•

Selective screening

Improved crop productivity
Figure 1. A schematic representation of current and potential cultivable and in situ microbiome approaches to increase crop productivity.

and screening methods has been frustratingly slow and we are still

performance than single species products and future products

not able to culture the vast majority of microbes. Some progresses

should target this approach where multiple species can be har-

have been made, for example in formulating optimised media (e.g.

nessed1,21. However, it is important to examine the synergy of

shell vial procedure)15, automated sorting and imaging techni-

survival, lifestyle and activities of individual members for successful

17

ques , and use of helper strains to cultivate novel microbes from

outcomes under ﬁeld conditions. The success of these and probi-

complex environmental settings. Emerging technologies such as

otic approaches (see below) depends on addressing key funda-

genomics have allowed the cultivation of previously uncultivable

mental questions, i.e. identiﬁcation of requirements of recognition,

microbes by identifying special nutritional or co-factor require-

colonisation, persistence, and continuous activities of introduced

16
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ments . Bai et al.

have shown that through selective screening

microbiota. This is a critical knowledge gap that needs to be

protocols a culture collection of microbes can be generated that

addressed in order to provide consistent efﬁcacy of microbial

represents the majority of bacterial species that are reproducibly

products. Framing ‘invasion ecological theory’ in creating unique

detectable by culture independent community sequencing. As the

niches for the introduced microbes can be useful to address this

number of genomes obtained from binning of metagenomics

challenge.

sequence data is rapidly growing, this genome-assisted cultivation
tion ﬁelds. Success of microbial products in ﬁeld conditions can be

Emerging approaches to manipulate plant
microbiome in situ

enhanced either by the improvement of strains or using local

A number of approaches are being currently developed and trialled

microﬂora which are adapted to a particular region. Furthermore,

to harness the whole plant microbiome without a need to culture,

plant-assisted microbial breeding can improve the mutual recog-

including use of transgenic or more conventional approaches. For

nition of host and microbial products that can help the colonisation

example, using engineered plants with root traits that stimulate

in ﬁeld conditions.

beneﬁcial microbes such as mycorrhiza; nitrogen ﬁxers, phospho-

Use of endophytes provides another avenue for better efﬁcacy,

rous, potassium and zinc solubilisers; siderophore and phyto-

particularly if the endophyte can colonise in the early stage of crop

hormone producing microbes can have direct positive impacts on

development. In such scenarios, the competition with indigenous

farm productivities22. However, given the public perception of

microﬂora is minimised, which improves their ability to maintain

transgenic plants, use of this approach for food crops remains

activities. For example, Mitter et al.20 discovered that the intro-

limited. Other non-transgenic approaches which can manipulate

duction of beneﬁcial endophytes to the ﬂower of parent plants

the microbiome in situ are gaining more attention. These include:

can drive its inclusion in the progeny seed microbiome, thereby

(1) exploiting plant-microbial communication molecules: plants
and microbes both produce a number of communication
molecules to communicate their requirements to their partners. For example, when a plant is starved of phosphorus,

approach has potential to signiﬁcantly improve microbial cultiva-

inducing vertical inheritance to the offspring generations. There is
growing evidence that the use of consortia provides better
20
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(2)

(3)
(4)

(5)

(6)

it produces signal molecules which rhizosphere microbes
respond to by upregulating their phosphorus-mobilising
genes23. Similar signaling mechanisms are also evident for
attack of pathogens and pests4. Plants also communicate with
each other through volatile organic compounds (VOCs) to
induce responses that facilitate colonisation with beneﬁcial
microbes24. However, given the extremely low quantity of
signal molecules produced, only a few such molecules have
been characterised. If the detection and characterisation of
signal molecules can be improved, it will provide an important
tool to introduce a directional change in microbial activities
which is beneﬁcial for plant performance.
use of microbial cocktails, which does not have direct beneﬁcial
impacts on plants, can increase the activity of indigenous plantbeneﬁcial microﬂora. These cocktails mainly contain microbes
with high amounts of signal molecules.
identiﬁcation of hub microbiota of crop species, and their role
in microbiome assembly and activities, provides an important
tool to manipulate the whole microbiome in situ.
synthetic biology provides another important tool to engineer
novel and predictable functions in crop probiotics, which upon
release on a plant can enhance the activities of beneﬁcial
microbes in a predictable fashion.
in situ genome engineering tools25 can be used to directly
engineer the genome of the in situ microbiome. Here mobile
genetic materials (e.g. plasmid) can be delivered to indigenous
microﬂora where they promote desired and directional
functions.
plants have micro-RNA (miRNA) which is responsible for
regulating the structure and function of plant-microbe interactions and the rhizosphere microbiome. This has been
utilised to restore healthy digestive systems26 and could be
a signiﬁcant tool to target beneﬁciary microbes for enhanced
crop production.

ﬁeld of microbiome research27 with tremendous applications towards harnessing beneﬁcial interactions in large ﬁeld settings.
All above emerging technologies in combination with ecological
engineering (use of management tools such as crop rotation, nontillage) and plant breeding (e.g. the integration of the plant breeding with a particular microbiome) has a signiﬁcant potential to
manipulate host microbiomes to enhance the efﬁciency of controlling plant diseases and increasing farm productivity2. However,
these technologies are still in their infancy and need to be further
tested for their efﬁcacy under ﬁeld conditions as well as for any
non-intended impact, for example, negative impact on overall
environmental outcomes.

Learning from the human microbiome
and future perspectives
The fundamental principle of microbial assembly in humans and
plants is identical and is based on selection enrichment and
evolutionary processes and there are important similarities between plant and human microbiomes in their functional roles.
There is growing evidence that human microbiomes play an
essential role in physiological, emotional and evolutionary aspects
and therefore overall health and ﬁtness of humans. Plant microbiomes have a similar role for overall plant ﬁtness and health
(Figure 2). Learning from the advancement in human microbiome

We envisage that the use of microﬂuidics-based technologies will

research (which is at a signiﬁcantly more advanced stage) can

be instrumental in providing unique insights into the microscale

signiﬁcantly expedite discovery and innovations in agricultural

plant-microbiome interactions in complex root microenviron-

microbiology because there are striking similarities in the func-

ments by allowing dynamic imaging of these interactions. This

tional role between human and plant microbiomes (Figure 2).

technology is likely to enhance the current rate of discoveries in the

For example, there is increasing evidence that dysregulation of
Plant Microbiome

Human Microbiome
Minimise stresses;
• Biotic (e.g. pests, pathogens)

Airway

Flower

• Abiotic (e.g. drought, heatwave)
Leaf

Skin

Gut

• Sexual health
• Reproductive success

Stalk

Vagina
Roots
• Nutrient uptake
• Resist pathogen establishment

Rhizosphere soil

• Regulate host immunity

Figure 2. Functional similarity between human and plant microbiomes. All aspects of human and plant heath are influenced by resistant microbiomes.
For example, the gut microbiome is known to play important role in nutrient uptake, resistance against pathogen invasion and regulation of immunity
in humans. Rhizosphere microbiomes carry out almost identical functions for the plant. Similarly, there is increasing evidence that microbiomes
of reproductive organs play a critical role in sexual health and reproductive success both in humans and plants.
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human and microbiota is associated with multiple human diseases
28

including diabetes, colorectal cancer, liver cirrhosis . The essential

resistance to abiotic and biotic stresses may emerge as an integral
part of modern agriculture.

role of the gut microbiome in effectiveness of cancer chemo- and
immunotherapy has been found and recent studies suggest that
humans can be grouped to responsive and non-responsive groups
of therapy based on their intestinal microbiomes. More importantly, transfer of microbiomes from responsive to non-responsive
groups can improve the efﬁcacy of the cancer medicines29, indicating the direct role of microbiota. A similar framework can be
developed to identify the mechanisms of pesticide resistance in
weeds, insects and pathogens and intervention can be developed
(e.g. pesticide + responsive microbiota) for effective pest control
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