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A transition from reading to writing biology has blurred
the lines between basic science and engineering creat-
ing the field of synthetic biology. With an ever-expanding
genetic toolbox, we now manipulate natural biological
systems to optimize our anthropocentric activities. From
the synthesis of complex aromatic compounds, to the
production of safer vaccines, a problem identified may
find its solution lying in the metabolism of a single cell.
Initially, synthetic biology was largely focused on the pro-
duction of such commodities at the industrial scale, not
only to maximize profitability, but also to minimize
energy and resource consumption. Consequently, this
paradigm shift has come to alter the notion of a factory
by many orders of magnitude and to create a new bridge
between the built and natural world, as we employ nat-
ure’s evolutionary machinery to address our modern
endeavours.

Growth of the genetic toolbox and maturation of syn-
thetic biology as a field has led to speculation about
increasingly ambitious applications of writing biology with
implications beyond biosynthesis. To date, most applica-
tions have been developed using microbes because they
are less complex, more well understood and easier to
manipulate. Single-celled organisms can be optimized
for production of complicated organic molecules; how-
ever, other exploits of genetic engineering will target
more ambitious feats and thus require engineering of
more than a large monoculture of microbes. Applications
of synthetic biology outside of the bioreactor can
address such issues as health and longevity, challenges
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in industrial agriculture and farming, the degradation of
natural habitats and the reclamation of limited natural
resources.

Scope and scale of these applications provide obvi-
ous obstacles to the development of effective biotech-
nologies, but a more immediate limitation to realizing
these technologies is the relative lack of genetic tools
and insights which would allow the tinkering and rewir-
ing of more complex organisms such as animals and
plants. However, because of the natural intimate inter-
actions between higher eukaryotes and microbes and
the effect of these on phenotype, it is our vision that a
faster, more tractable route to the engineering animal
and plant phenotypes is via engineering their micro-
biomes.

The driver: synthetic biology in higher eukaryotes is
slow and difficult

The challenges of synthetic biology in higher eukaryotes
stem largely from their complexity. It is no accident that
many of the initial proof-of-concept studies in synthetic
biology used E. coli as a chassis, and it was only later
that logic gates, toggle switches and oscillators were
built in cultured animal and plant cells. For example,
despite the development of the genetic toggle switch in
E. coli in 1999 (Gardner et al., 2000), it took another
20 years before an analogous system was engineered
for a plant cell (Bernabe-Orts et al., 2020), and to date,
they still are not routinely applied in whole organisms.
Part of this can be attributed to a lack of well-character-
ized parts that can be used in designs and a lack of bio-
logical understanding at the systems level for higher
eukaryotes. Moreover, even with the application of rapid
DNA synthesis techniques and automation, the design-
build-test-learn (DBTL) cycle in higher eukaryotes is pro-
tracted because of slow growth rates—the doubling
times for most microbes are in the range of 20-120 min
versus ~ 24-72 h for plant and animal cells in culture
and on the order of weeks or month for whole organ-
isms. Thus, even with perfect ‘design rules’ for engineer-
ing an organism, the speed of engineering will always be
limited by waiting times between the build and test
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stages. Finally, the complexity of animals and plants also
introduces additional factors not encountered when engi-
neering most microbes including a lack of methods for
precision, targeted integration of DNA constructs, differ-
entiation of cells into multiple tissue types, each with
varying gene expression patterns, and epigenetic mech-
anisms that add an additional layer of control over gene
expression. These factors combine to make direct appli-
cation of synthetic biology in animals and plants slow
and difficult. In contrast, bacteria have a single, circular
genome and the absence of post-transcriptional modifi-
cations. Yeast and fungal systems are slightly more
complicated with multiple chromosomes and (usually lim-
ited) RNA splicing, but still have a single-cell lifestyle
and limited to no differentiation of cell types. These fac-
tors combine to limit complexity and reduce the chal-
lenges of applying synthetic biology.

Animals: from zombie ants to twitching worms

There are many reasons to engineer animals and not
just in science fiction. The potential applications to
human and veterinary health are the most often cited
—e.g. the ability to engineer replacement or human-
compatible organs tissue for regenerative medicine,
vaccine production in animal milk or gene editing as
an alternative to gene therapy. There are also myriad
applications in food production, bioremediation and
ecosystem management that are often overlooked (Fig-
ure 1). It is now well known that organisms from the
kingdom Animalia live in close collaboration with
microbes that colonize them and contribute to their
daily existence. The most recent estimates suggest
that for a standard ‘reference human’, the number of
microbial cells and the number of human cells are
about equal (Sender, Fuchs and Milo, 2016). In other
words, by cell number, we are half microbes. Various
types of microbial niches have been defined including
the oral, skin and gut microbiomes, although any
accessible tissue will be colonized. Research increas-
ingly suggests that the composition of these micro-
biomes can affect the health or disease state of an
animal through a diverse set of mechanisms (Flérez
et al., 2015), such as augmenting metabolism, synthe-
sis of toxins or preventing pathogen colonization. Other
studies show that animal behaviour can also be influ-
enced directly, e.g. by influencing neurotransmitter
activity or reducing stress hormone synthesis
(Rohrscheib and Brownlie, 2013). In fact, some
researchers have gone as far as to suggest that,

Expression of virtually any host phenotype thus depends
to some extent on the presence and taxonomic makeup
of host-associated microbes (Mueller and Sachs, 2015).
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Therefore, engineering the microbiome represents a
potential way to circumvent some of the challenges of
synthetic biology in higher eukaryotes.

The effects of the microbiome on health are the pri-
mary area of focus, and studies have shown that the gut
microbiome in particular can be involved in the synthesis
of vitamins, as well as the metabolism of nutrients
(Mohajeri et al., 2018). Dysbiosis is associated with
inflammatory bowel diseases. Given these are diseases
of the gut, it makes mechanistic sense that bacteria can
influence their local environment. However, there is
emerging evidence that the gut microbiome can impact
health more broadly via its influence on the gut/brain
axis; for example, there are links between the micro-
biome and mood/stress responses, as well as overall
immune system function (Cryan et al., 2019).

There are also intriguing studies on other animal spe-
cies that point to ability of microbes to influence the
behaviour of their hosts to ensure their own survival and
reproduction. For example, a particular fungal infection
can cause zombie-like behaviour in ants, where they fall
from the canopy, bite into vegetation and become lock-
jawed, allowing the fungus ample opportunity to infect
the leaf for the next stage of its life cycle (Hughes et al.,
2011). Gut microbiota have also been shown to influ-
ence mating preference in Drosophila melanogaster by
changing the levels of circulating sex hormones (Shar-
ona et al., 2013). Thus, even biological imperatives like
sex and death in animals can be influenced by
microbes.

As the importance of microbiomes emerged, it was only
natural that scientist would start to try to manipulate
them. Initially, efforts at microbiome engineering began
with the addition of new naturally occurring microorgan-
isms to an existing microbiome with the aim of inducing
colonization. More recent work has explored the poten-
tial of using engineered microbes to augment the micro-
biome with new functions. To date, this has been mostly
focused on engineered probiotic strains as therapies
(Charbonneau et al., 2020) or biosensors (Riglar et al.,
2017; Rutter et al., 2019). However, pushing the concept
further, a recent pre-print showed that host behaviour
can be controlled more generally by using the engi-
neered microbes in the gut that themselves respond to
externally applied signals to modulate animal gene
expression (Gao and Sun, 2020). The paper demon-
strated that behaviours such as twitching and metabo-
lism could be controlled in C. elegans that were fed
E. coli engineered to produce inhibitory RNAs against
C. elegans genes. Chemical inducers were used to con-
trol the expression of the inhibitory RNAs within the engi-
neered bacteria, leading to external control of the animal
via the microbe. This elegant proof-of-concept work
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Fig. 1. Applications of animal biotechnology that can be achieved through microbiome engineering. Left: Microbiomes can be manipulated to
affect human health, behaviour and mood. Middle: Engineering the microbiome of livestock could impact food production (both animal flesh and
cultured meat as well as products such as milk and cheese) and affect the environment, e.g. by impacting methane emissions. Right: Insect
microbiome engineering affects the roles of insects in disease transmission, entoremediation and food production. Created with BioRender.com.

could pave the way for broader application of such a
strategy within the animal kingdom.

Plants: terraforming our environment and our food
systems

Plants have natural potential for engineering biotech-
nologies for the agricultural and environmental sectors.
Due to their diverse roles within the ecology of terres-
trial environments, knowledge of species’ relationships
to abiotic and biotic conditions of an ecosystem pro-
vides a window into how these traits might be manipu-
lated to address various ecosystem-scale issues. With
a population expected to hit 8 billion people by 2025,
synthetic biology poses the potential to rapidly boost
productivity within the agricultural sector by engineering
plants for increased biomass yields and/or decreased
dependence on fertilization. Another application of engi-
neered plants is in the remediation of land contami-
nated with compounds toxic to both human and
environmental health.

These strategies rely upon the engineering of complex
eukaryotic plant cells, slowing down DBTL cycles. How-
ever, as with animals, observations of natural relation-
ships between plants and bacteria provide an alternative
route to engineering plant phenotypes with relative ease.
Many studies have observed the natural, dynamic bacte-
rial community existing within soils, and within plant tis-
sues themselves (endophytes). Bacteria with close
association to plant roots are of particular interest for
plant health. These plant growth-promoting bacteria,
known as PGPB, have become the subject of interest
for the optimization of plant systems for generation of
biomass, increase in pathogen tolerance and phytoreme-
diation (Figure 2). One study found that the colonization
of Indian Mustard by a strain of bacterium increased bio-
mass yields under both greenhouse and field conditions
(Lally et al., 2017). Many studies have correlated benefi-
cial growth effects with the bacterial mediation of plant
hormones, indole-3-acetic acid and ethylene, for
instance (Glick, 2014), which are known to be key play-
ers in plant growth and development (Shaharoona et al.,
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2007). Other work has engineered inducible fixation of
atmospheric nitrogen by cereal endophytes, despite the
presence of activity-limiting soil nitrogen (Ryu et al.,
2020). As a common limiting nutrient, the ability for more
plants to fix their own nitrogen can decrease the environ-
mental burden caused by nitrogen fertilizers, increasing
our ability to generate sustainable agriculture. Bacterial
production of these compounds has further supported
the notion of pushing phenotypical changes through the
engineering bacterial metabolism.

Existing examples of using endophytes as alternatives
to engineering plant hosts inspire the manipulation of the
simpler bacterial genome to elicit effects upon the more
complicated plant cell. Much of the current literature
observes natural dynamics and proposes tinkering with
the expression of bacterial genes, but much of this
genetic engineering has yet to be done. We now know
through a few studies that similar plant phenotypes can
be achieved through the genetic engineering of either
plant or bacterial genes involved in the production of
similar compounds. By targeting synthesis genes in both
A. thaliana and its endophytic P. putida, one group was
able to achieve comparable ethylene production levels
between the engineered species (Ravanbakhsh et al.,
2020). Increasing ethylene production yielded plants that
were able to increase shoot concentrations of Fe, Zn
and Cu to comparable levels. These data indicate that
the indirect engineering of bacterial endophytes can

- hormones
- siderophores
- enzymes

- carbohydrates
- metabolites
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have comparable effects to direct engineering of the
plant cell upon the phenotype of a host plant.

Such proof-of-concept studies support wider calls in
the literature for more attention to microbes living within
and among plant hosts for more rapid and impactful bio-
engineering. For example, rather than attempting to re-
engineer the complex evolutionary machinery of photo-
synthesis, an alternative is to introduce bacteria produc-
ing hormones or enzymes, which will promote biomass
accumulation in other ways. Similarly, instead of recom-
binant expression of metal-resistant genes in plant cells,
it is easier to engineer simpler bacterial systems that
can live among these plant cells. Future research should
endeavour to elucidate the dynamic relationships
between endophytes and plants, and exploit them to
engineer novel systems for tackling issues of human
and environmental health. We propose that engineering
endophytic bacteria is the surest way to quickly and effi-
ciently engineer our food systems and our environment
to ensure a sustainable future.

Summary and future perspective

Foundational research has elucidated the relationship
between eukaryotes and their microbiome, showing that
the phenotypes of both plants and animals are vastly
impacted by microbes. At the same time, synthetic biol-
ogy is maturing and applications beyond the bioreactor

Fig. 2. Endophytic bacteria living in close mutualism with roots of a crop plant increase biomass yields when compared to those grown without
beneficial endophytes. PGPB can be easily engineered to enhance natural plant growth-promoting characteristics with simple synthetic biology
tools. Here, a bacterium is engineered with an expression plasmid to enhance the biomass potential of its plant host. Created with BioRender.-

com.
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are being proposed. Many of these applications involve
the use of animal or plant biotechnologies to address
societal challenges in food production, ecosystem health
and environmental remediation. Given that undertaking
synthetic biology in microbes is orders of magnitude
easier than in higher eukaryotes, we propose that future
work should focus on maximizing the benefit of this inti-
mate relationship. Within the next 5 years, we predict
that the preferred way to engineer animals and plants for
biotechnology purposes will be via manipulating their
microbiomes, rather than direct manipulation of their own
genes.
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