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microbiome research. However, even with the ever-growing number of studies on the human gut micro-
biome, translation into improved health is progressing slowly. This hampering is due to the complexities
of the human gut microbiome, which is composed of >1,000 species of microorganisms, such as bacteria,
archaea, viruses, and fungi. To overcome this complexity, it is necessary to reduce the gut microbiome,
which can help simplify experimental variables to an extent, such that they can be deliberately manip-
Gut ecosystem glateq and controlled. Reconstruction of s_ypthetic or est_ablished.gyt_ microbial communi_ties would make
Omics it easier to understand the structure, stability, and functional activities of the complex microbial commu-
Mathematical modelling nity of the human gut. Here, we provide an overview of the developments and challenges of the synthetic
human gut microbiome, and propose the incorporation of multi-omics and mathematical methods in a

better synthetic gut ecosystem design, for easy translation of microbiome information to therapies.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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H.A. Mabwi, E. Kim, Dae-Geun Song et al.
1. Introduction

The human gut microbiome is composed of numerous microbes
performing functions that affect human health. The majority of
human-inhabiting microorganisms reside inside the intestines
and are affected by the host’s mode of birth, life style, and genetics.
In the training of host immunity, controlling gut endocrine func-
tion and neurological signalling, digesting food, altering drug
action and metabolism, removing toxins, and producing various
compounds that affect the host, the gut microbiome has important
roles as a desirable target for therapeutic applications [1]. How-
ever, unravelling human gut microbiome therapeutic potential
has been hampered due to its complexity, which includes > 1,000
species of bacteria, archaea, and fungi, which are mostly uncultur-
able [2]. Although numerous efforts have been made to understand
the gut microbiome through genome sequencing platforms, micro-
bial phenotypes and their roles in microbial populations have not
been completely predicted by sequencing data alone. Recently,
sophisticated culturomic approaches have increased the number
of cultivable gut microbial species [2-4]. The challenge of investi-
gating the human gut microbiome can be solved by using a combi-
nation of genome sequence and culturomics in an experimental
system where variables can be tightly controlled and intentionally
manipulated. Therefore, synthetic microbial communities have
been proposed.

These communities are designed to represent the normal
human intestinal microbiota, and are characterised by reduced
microbial complexity that is amenable to experimental interven-
tion [5]. Following the use of small-scale reduced interactions to
unravel the complex behaviours in other systems, the synthetic
microbiome has great potential for understanding the complicated
human gut microbiome [6]. For the effective reconstruction of syn-
thetic microbial communities, firstly, focus should be on the inter-
action between biologically relevant core bacterial strains in a
controlled environment. Thereafter, to make reliable predictions,
sufficient information should be provided through a useful omics
approach, even if it is difficult to distinguish which variables are
important modulators of group dynamics. Lastly, high-
throughput data from complex gut microbiome studies should be
integrated, and mathematical models and artificial intelligence
(AI) should be involved in their simulation and testing. In this
minireview, we address the advances and challenges in the design
of synthetic intestinal microbiota. Our ultimate aim is to empha-
sise the importance of combining culturomics and multi-omics in
synthetic gut microbiome design with mathematical modelling
and Al to build therapies against human gut microbiome alter-
ations (Fig. 1).

2. Systemic features of gut ecosystems
2.1. Gut mimicking using faecal samples

Currently, synthetic microbiomes are constructed using two
approaches: bottom-up or top-down [7]. Top-down approaches
primarily involve metagenomic studies that promote looking at
the composition of the gut population, whereas bottom-up
approaches are instrumental in understanding how these diverse
bacterial communities form, communicate, and impact their host’s
health [8]. Hundreds of bacterial species are composed of faecal
microbiota, most of which include Firmicutes, Bacteroidetes, and
Actinobacteria [9]. Owing to their ability to imitate microbial com-
position in the natural system, faecal samples are well suited for
the design of synthetic microbial communities. Most microbial
data from both in vivo and in vitro systems have been collected
through metagenomic studies of faecal samples [10]. Additionally,
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faecal samples are progressively used to examine microbiome
responses to drugs and dietary fibre in batch and continuous fer-
mentation systems [11]. To design the synthetic gut microbial
community with human stools, it is important to study bacterial
populations as communities in a well-controlled gut environment
of temperature, pH, and other conditions, such as residence time,
with gut mimicking systems using bioreactors (Fig. 2). Zihler
et al revealed that a pH reduction of 0.2 units increased the relative
abundance of butyrate producers and decreased Bacteroidetes phy-
lum [12]. Additionally, the diversity of gut microbiota in the trans-
verse and distal compartments of an in vitro gut model was shown
to be affected by residence time [13]. Other factors such as temper-
ature, anaerobic conditions, and dissolved oxygen could also affect
microbial community and diversity [14].

The simplest gut bioreactor systems are batch bioreactors and
microtitre well plate systems, which are effective for investigating
the simple interaction of prebiotics and drugs with single gut
microbiota [15-17]. Continuous bioreactor systems such as che-
mostats, mini-bioreactor arrays, and multi-stage colonic models
enable the inflow and outflow of materials. They provide useful
resources for investigating the long-term effects of nutraceuticals
on gut microbiota [18]. As some bioreactors are combined with
simulated digestion systems which include the addition of diges-
tive enzymes and bile salts, alterations to pH and residence time,
and the peristaltic motility of the human intestine [19], they can
better mimic the intestinal physiochemistry and gut ecology.
While the effects of the host epithelium have not been taken into
account by any of the previously mentioned bioreactor systems,
gut-on-a-chip is an example of a bioreactor that mimics the host
epithelium structure [20]. However, faecal samples are not pre-
ferred for designing bottom-up synthetic microbial communities
owing to their large number of bacteria. The unintentional contri-
bution of diverse food components and microorganisms, including
bacteria, fungi, and viruses with high variability of inocula from
different donors, might be a major setback in deciphering micro-
bial interactions with entire faecal samples. Additionally, faecal
samples comprise a meaningful percentage of uncultured, unanno-
tated microbes with unknown interactions, thus making predictive
modelling prior to synthetic microbial community reconstruction a
challenging activity.

2.2. Synthetic ecosystems using isolated gut microbiota

To better understand the human microbiome, reconstructing
defined microbial communities starting with the most prevalent
microbes in the faecal samples under well-controlled conditions
could be a reasonable approach. There are several benefits to using
these isolates for the reconstruction of synthetic communities over
the whole faecal specimen: First, the bacterial composition in the
synthetic consortium would be known, controllable, and repro-
ducible. Second, due to the absence of viruses and pathogens, a
pure consortium is more stable than stool, and the formulation will
be safe. Finally, isolates can be selected on the basis of their sensi-
tivity to the testing environment, such as oxygen requirement,
which further increases the success of synthetic microbial commu-
nities. Venturelli et al. conducted experiments with a simulated
ecosystem utilising isolated gut microbiota with a bottom-up
approach [21]. They used representatives of gut microbiota iso-
lated from human faeces and discovered that pairwise interactions
are necessary to model the microbial community consortium of
multiple species, and that certain pairwise characteristics may be
important over time to ensure resilience of a stable microbial com-
munity. Although their model population was less complex and
diverse than the populations of real gut microbiota, the twelve spe-
cies included in the experiment could span the key phyla of
human-associated intestinal gut microbiota. Petrof successfully
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Fig. 1. Overview of the current applications and challenges of synthetic gut microbiome research.
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Fig. 2. The current in vitro gut mimicking systems for gut microbiota cultivation.
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designed a 33-member synthetic microbiome, using faecal isolates
also representing Bacteroidetes, Firmicutes, Actinobacteria, and Pro-
teobacteria. Their research shows that a synthetic microbial envi-
ronment is capable of curing antibiotic-resistant Clostridium
difficile colitis [22]. The 15-member synthetic ecosystem developed
from human faeces isolates by the Welch group was applied to
investigate spatial organisation at different scales of the main gut
microbiota [23].

The availability of well-documented cultivable strain collec-
tions, particularly the core human gut microbiome, is essential to
establish a good synthetic gut ecosystem. These core strains
include keystone species important for the structure and function
of the microbial ecosystem, such as the breakdown of complex car-
bon sources to support the growth of other members [24,25].
Examples of keystone microbial species in the human gut include
Bacteroides thetaiotaomicron, Bacteroides ovatus, and Bacteroides
caccae, which are capable of breaking down complex dietary
polysaccharides; Akkermansia muciniphila enables the degradation
of mucin glycans as well as other gut members, such as Desulfovib-
rio piger, that are capable of eliminating the end products of fer-
mentation by reducing the sulphate [26-28]. This could increase
our understanding of gut ecology and promote the design of a syn-
thetic microbial community representative of balanced human gut
microbiota by mapping the keystone species into a stable micro-
biota and comparing it with diseased microbiota. Experiments
involving co-cultures of core gut microbes have shown fascinating
cross-feeding pathways, which involve the use of short chain fatty
acids (SCFAs) [29] and have identified properties associated with
major metabolic pathways for amino acid and vitamin metabolism,
in combination with molecular analysis techniques [30,31]. There
are several routes for obtaining reliable core gut microbiota. Public
microbial resource centres, such as the German Collection of
Microorganisms and Cell Cultures, the University of Gothenburg
Culture Collection, the Human Gastrointestinal Bacteria Culture
Collection, and the Cultivable Genome Reference, are the current
suppliers of a variety of isolated microbial strains that could be
used for synthetic microbial community reconstruction [32]. New
requirements for the isolation of keystone species necessary for
the design of synthetic microbial communities may be provided
through increased insights into the human gut microbiota meta-
genome and functional core microbes. On the other hand, fungal
synthetic communities have been successfully reconstructed pre-
viously. Hu et al designed a synthetic fungal-bacterial microbial
consortium to improve lingo-cellulolytic enzyme activity [33].
Other researchers used synthetic Saccharomyces cerevisiae consor-
tium for the production of cellulosic ethanol or isobutanol
[34,35]. Similarly, more fungi-fungi microbial consortia systems
for bioethanol production have been designed [34,36,37].

2.3. Challenges for a better synthetic gut ecosystem

Synthetic microbiomes are hampered by their inability to com-
pletely imitate the natural gut microbiome, considering their
capacity and broad applicability. Appropriate indicators such as
the relative abundance of keystone gut microbiota, the microbial
diversity index which can show microbial richness and evenness
of the sample, and the content and ratio of major gut metabolites
like short chain fatty acids are required to evaluate the availability
of synthetic gut ecosystem. However, selection of core gut micro-
biota and their metabolic functions may be difficult as there are
approximately 10 to 100 trillion microorganisms that make up
the human gut microbiota, and the microbiome contains 100 to
150 times more genes than our genome [38]. It is thus cumber-
some to classify specific microbes integrated into synthetic micro-
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biome reconstruction. Most existing studies have depended solely
on a phylogeny for species selection [21,39]. As metabolic interac-
tions occur between distant and closely related species, selection
of species based on the functional population should be consid-
ered. Moreover, for customisation and specialisation of the syn-
thetic microbiome, some disease-related or age-related gut
microbes may be included to establish a personalised synthetic
gut ecosystem [40,41].

To model synthetic microbiomes, a controlled culture-based
system with suitable media where all bacteria can grow optimally
is required. However, most gut microbiota have thus far been cul-
tivated in complex media of unknown chemical composition, and
only a handful of species have been identified in specified or min-
imal media [42]. Anaerobic cultivation is fastidious for several gut
bacteria owing to their challenging nutritional and physiological
requirements [43]. As media, such as modified Gifu anaerobic
media, brain heart infusion media, reinforced clostridial media,
and tryptic soy media, which are generally used for anaerobic cul-
ture, have special features, optimal media selection strongly
restricts reconstruction attempts of microbial communities. As
useful information and roles regarding certain ingredients in
anaerobic media for the growth or function of specific bacteria con-
tinue to accumulate, big data and Al will be combined to predict
and utilise the optimised media composition for cultivation of
specific gut microbial communities in advance [44]. In addition,
it is proposed that more potentially universal growth media be
tested with growth supplements such as mucin, bile acid, minerals,
and salt concentration, in an attempt to mirror the actual gut [45].
Along with the selection of an appropriate medium, technology to
keep the synthetic microbial community well-preserved is
required so that it can be implemented in a reproducible manner.
Cryopreservation and bio-banking approaches are currently being
developed for the preservation of viable synthetic microbial com-
munities [46]. Glycerol and dimethyl sulfoxide are the most widely
used cryoprotectant additives, as their addition decreases the
adverse effects of freezing [47]. Importantly, the rate of freezing
and thawing, cryoprotective medium composition, cryoprotectant
concentration, growth-enhancing additives, and cell properties at
the time of freezing are crucial factors to consider in the cryop-
reservation of bacterial cells [48].

Once the medium is established, different in vitro configurations
that imitate colonic environments [5,49] can be applied to predict
and evaluate the behaviour of the synthetic microbial community
and their functions, in a more realistic manner. More sophisticated
in vitro colon models that integrate host parameters, such as
mucus layer and human cell lines, for study questions involving
host-microbe interaction should be considered [50]. To better
mimic host factors, the enterocyte, mucin-secreting cell lines,
and antimicrobial peptides with immune cells can be included in
gut microbial culture [51-53]. Also, the existing sophisticated
colon models such as Host-Microbiota Interaction (HMI) model,
organoids, and 3D-culture models need to be further developed
[54-56].

Although these in vitro colon models that reflect the host effect
could allow for some control in the production of diverse and
metabolically active gut microbiota, the composition of the end
product and microbial community might be different from that
of human faeces [57]. Therefore, the evaluation of synthetic micro-
bial communities in animal models, such as Caenorhabditis elegans
and mice, are essential. Most recent in vivo gut microbiota studies
have only used mice, but certain host-specific variations still exist
between mice and humans, which should not be overlooked. As
these variations include immunological differences, transit time,
intestinal structure, and functional caecum presence [58,59], cur-
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rent in vivo studies are also limited in their ability to predict the
actions of synthetic microbial communities directly. Therefore,
the interrelationship between intestinal microbes and other gut
microbiota and the host should be studied through a combination
of synthetic gut ecosystems and in vivo animal models.

3. Mechanistic insights into the synthetic gut microbiome
3.1. Omics approach beyond DNA in the synthetic microbiome

Detailed and reliable functional and compositional knowledge
is crucial before and after the reconstruction of synthetic commu-
nities, to create an efficient synthetic microbiome and to under-
stand their output. Accurate confirmation of unique
characteristics of the synthetic microbial community consortium
depends on omics-driven analysis. The available standard is 16S
rRNA amplicon sequencing, which is the most widely used and effi-
cient method for identifying intestinal microbiota [60]. However,
meta-taxonomic studies are limited to genus level resolution and
cannot expose the functional role of the human gut microbiome.
In contrast, shotgun sequencing metagenomics provide strain-
level resolution, from which it is possible to classify various bacte-
rial strains and genes as putative biomarkers discriminating the
diseased and non-diseased human gut microbiome [61].

To understand the active functional contributions of each bacte-
rial species forming the natural human gut ecosystem, further
complementation with metatranscriptomics and metaproteomics
is useful [62]. Several synthetic microbiome studies primarily focus
on metagenomics, and only a few studies have focussed on the
metaproteomics of synthetic microbiota [63,64]. In modelling
human synthetic gut microbiome communities, metaproteomic
studies can add functional, taxonomic, and biomass dimensions.
Daniel Figeys’ lab developed a tool called iMetaLab for the analysis
of metaproteomics data [65] and carried out meta-analysis using
in vitro microbial cultivation [66]. The benefit of the combination
of metaproteomics and a synthetic microbiome model is that, com-
pared to in vivo studies, researchers can easily control the spa-
tiotemporal variables during microbiota culture and unveil their
functionalities. By using the model of in vitro metaproteomics,
Hao et al demonstrated that metformin can lead to phase-
dependent growth responses [66]. Regarding their growth curve,
taxonomy, and functional profiles, metformin was applied at vari-
ous growth phases, including lag, log, and stationary stages, result-
ing in various effects.

Alternatively, faecal metabolomics has been used to monitor
metabolites produced by gut microbes, and to investigate the com-
ponents of the host and diet. Thus, the metabolomic approach in
the gut ecosystem is an extremely valuable method for under-
standing the complex metabolic interactions between the gut
and host’s microbes [67]. Metabolomics can be applied through a
targeted and/or non-targeted method using a high-throughput
analytical platform, such as nuclear magnetic resonance spec-
troscopy, gas chromatography-mass spectrometry, and liquid
chromatography-mass spectrometry [68]. Although the human
metabolome database has recently grown to > 40,000 chemicals,
accurate identification of microbial-derived compounds is still lim-
ited. In particular, optimisation of sample handling and prepara-
tion for metabolomic analysis of faeces should be developed
more [69]. Recently, some researchers have used commercial kits
for targeted faecal metabolic profiling and quantification by cover-
ing hundreds of metabolites, including short chain fatty acids, bile
acids, amino acids and their derivatives, and lipids [70,71].

However, omics profiling alone cannot completely predict bac-
terial interactions critical for the reconstruction of synthetic micro-
biomes or interactions between host bacteria [72], and the
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accuracy of functional gene assignments, which depends on these
approximations, also depends on manual refining of genome anno-
tations [73,74]. In addition, statistical association between the
microbial community and other omics data is required, and several
omics data should be integrated to classify main interactions, by
identifying gut microbes and bacterial populations that can have
a positive or negative effect on gut ecology and the host [75]. Nev-
ertheless, omics data-based modelling can predict and provide
essential cross-feeding and competition mechanisms for the design
of multi-strain formulations [68,73], and facilitates the design of
the optimal bacterial community for the desired metabolite, such
as the production of butyrate and functional exopolysaccharides
[44).

3.2. Mathematical modelling

Mathematical modelling has become valuable in understanding
gut microbial community dynamics and emergent behaviours
[5,76]. By describing the system with mathematical concepts and
languages, it has been possible to quantify and predict the beha-
viour of the system under different conditions, such as different
diet, disease, or treatment conditions [77-81]. Combined with a
detailed understanding of gut microbiota biology, mathematical
models can provide new insights into the mechanisms and first
principles of community dynamics.

Integrating mathematical models with controlled lab experi-
ments is key to making progress in understanding microbial com-
munities. It is not realistic to capture the full interplay between all
reactions from every individual or all interactions between all spe-
cies or individuals simultaneously. Thus, simplifying the system
with known or reduced complexity is required for mathematical
model development and microbial experiments. For integration,
experimental data are fed into the building model assumption,
and mathematical model parameters that minimise model predic-
tion and experimental observation are estimated. Calibrated model
simulations make predictions that can be tested in the laboratory.
Iteration of mathematical model refinement and experiments leads
to a better understanding of the system observed in different bio-
logical systems, such as cancer [82-84]. The same process has been
applied to the human gut microbial community, as described
below.

Various integrated approaches of mathematical modelling and
experiments have been applied to gut microbiota at different res-
olutions, different times, and spatial scales, including genes, indi-
viduals, and populations. Genome-scale metabolic models
(GEMs) describe the metabolism of the microbial community
[81,85-88]. The modelling approach reconstructs the metabolic
network based on high-throughput omics data and known bio-
chemical reaction databases, such as KEGG (Kyoto Encyclopaedia
of Genes and Genomes). A system of mass balance equations is
sub developed to describe the flow of metabolites. This modelling
approach has been applied to simulate substrate uptake rates and
to predict short chain fatty acid secretion profiles validated with
in vitro experiments [89,90]. Agent-based models (ABMs) simulate
the emergent behaviour of communities assuming individuals as
discrete autonomous agents. This modelling approach is useful
for describing detailed microbial behaviour (e.g. active motion like
chemotaxis) and interactions between individual microorganisms
or species [91-93]. A GEM was integrated with ABMs to simulate
the interactions of a synthetic gut microbial community of seven
species [94]. This study demonstrates the importance of the spatial
gradient of mucus glycans in the gut microbial community struc-
ture. As ABMs can readily incorporate various individual types
and spatial components, these approaches can be used to under-
stand the interaction between the microbial community and the
host. For example, ABMs coupled with continuous microenviron-
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mental factors prove to be efficient tools for investigating the role
of interactions between the tumour and microenvironment in driv-
ing tumour progression systems [82].

At the population level, ordinary differential equation models,
such as the generalised Lotka-Volterra model, have been applied
to human gut microbiota. This approach uses the intrinsic growth
rate of individual populations and growth rates modulated by the
interaction between microbial populations, to explain community
dynamics. The models can be tightly integrated with synthetic
microbe experiments as the modelling assumes fewer parameters
than others [79,80,95]. For example, a generalised Lotka-Volterra
model trained with time-series data of 12 different microbial spe-
cies predicted that pairwise interactions drive microbial commu-
nity dynamics, and revealed multiple positive and negative
interactions that allow the community to coexist [95]. Although
not discussed here, several different modelling approaches, such
as the Boolean network model, partial differential equation model,
and game theory model, were developed to understand various
microbial communities (see the comprehensive methodology
review in [96]).

3.3. Considering possible modulators of the gut ecosystem

The current application of mathematical modelling to the syn-
thetic gut ecosystem has primarily been conducted with the aim
of understanding the interactions between gut microbial individu-
als and the population. However, recent studies have indicated the
influence of xenobiotic compounds, including medications, phyto-
chemicals, food components, environmental chemicals, and met-
als, on gut microbiota [97-99]. Some gut microbiota play key
roles in the digestion and metabolism of xenobiotic compounds,
and the metabolites of gut microbiota may be accompanied by a
change in gut microbial composition, induction of unique bacterial
genes, and microbiome-derived chemical transformation [100].
Such interactions between the gut microbiome and the metabo-
lites of drugs or drugs themselves have also been documented in
a well-designed research paper, indicating that compound changes
induced by gut microbes may lead to either activation, inactiva-
tion, or toxification of these compounds [101]. Additionally, several
studies have shown that exposure to environmental pollutants or
heavy metals may change the composition of the gut microbiome,
resulting in disorders of energy metabolism, absorption of nutri-
ents, and functioning of the immune system [102,103]. Some use-
ful phytochemicals, such as catechins, procyanidins, and lignans,
have been reported to ameliorate gut microbial dysbiosis by induc-
ing growth of beneficial bacteria as essential growth factors,
inhibiting the growth of harmful microbes through quorum sens-
ing, and reducing intestinal oxidative stress as antioxidants
[98,104,105]. Figeys and co-workers showed a high degree of cor-
relation between gut microbiome responses to metformin in the
luminal colon bioreactor model and those in mice fed a high-fat
[106]. The authors also tested the effect of 43 drugs on individual
faecal microbiomes with the meta-proteomics approach and
showed that drugs affect functions of different members of the
microbiome without even a shift in the abundance of the bacteria
[107]. Therefore, it is necessary to study the interaction between
gut microbiota and these chemicals or drugs or food components,
and determine the accurate mechanism using the synthetic micro-
biome research platform to develop mathematical modelling tech-
niques accordingly.

Microbial biotechnology has been steadily developing owing to
its capability to produce valuable pharmaceuticals and drugs. Most
recent achievements in engineering co-cultures for biotechnologi-
cal applications have been performed using Escherichia coli to
improve the functionality via specialisation, and reduce the meta-
bolic burden [108,109]. To improve co-operation or reduce compe-
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tition between microbial populations, numerous strategies, such as
resource partitioning, chemical symbiosis, horizontal gene trans-
fer, and spatial organisation, have been employed. Such applica-
tions can be extended to diverse and complex gut environments.
Certain probiotics have been engineered to identify quorum sens-
ing molecules and to use them as live biotherapeutics to prevent
viral infections [110,111]. Some studies indicated that the engi-
neered E. coli as probiotics could inhibit the infection of Vibrio cho-
lerae through the increase of quorum sensing chemicals and the
engineered B. ovatus could secrete human growth factors against
inflammation [110,111]. Additionally, there are specific tools for
engineering Bacteroides that exhibit stable abundance and long-
term colonisation in the gut environment to control the expression
of their reporter genes [112]. In a recent study, the intentional
shaping of microbial consortia by genetic modifications decreased
the antagonistic interactions in a synthetic ecosystem using four
commensal gut microbes and induced beneficial interactions,
showing an increase in population evenness and ecological diver-
sity by engineered cross-feeding [113]. Therefore, the application
of gut microbe engineering to synthetic microbiomes will greatly
assist in understanding the basic principles of microbial interac-
tions, which have not yet been revealed.

4. Outlook and future prospects

Human gut microbiome analysis has primarily focussed on the
analysis of high-throughput multi-omics systems of in vivo faecal
samples. However, owing to the generation of big data and noise
from unknown components of microbes within faecal samples,
the research using diverse in vivo samples has limitations. Thus,
to analyse complex and physiologically important human gut
microbiome relationships, there is a great need for experimental
models involving synthetic gut ecosystems with an advanced
in vitro method. Advances in cultural techniques, particularly in
the field of microfluidics, such as organ-on-chip technology, have
the potential to fundamentally change analytical techniques of
gut microbiota. Organ-on-chip technology is low cost owing to
its micrometre-sized chamber and feasible microfluidic perfusion.
The use of human cells in microfluidics technology can better repli-
cate human physiology and also model the complex disease-
specific conditions using individual patient-derived cells. These
individualised gut microbiota approaches would be highly impor-
tant for personalised medicine.

It is conceivable that multi-omics big data may be a require-
ment for the design of synthetic microbial communities. Inciden-
tally, to obtain as much knowledge as possible from multi-omics
big data interaction datasets, new analytical methods are required
to provide insights into the interactions yet to be measured and
possible biological mechanisms mediating the relevant microbial
interaction. Machine learning, Al, and mathematical modelling
can complement high-throughput omics data by identifying com-
plex patterns and transforming them into more useable and inter-
pretable knowledge. This involves careful experimental design to
test a hypothesis adequately, and it is necessary to recreate or
combine practical synthetic microbiomes for disease diagnosis
predictions and effective treatments.

The most insightful synthetic gut microbiomes can be produced
by using recombinant bacterial strains genetically modified with
desired characteristics. Synthetic genetic circuits in recombinant
bacterial strains should be built to reduce the burden of foreign
genetic material on their bacterial hosts to reduce compensatory
genetic mutations, loss of engineered function, or lack of growth
of engineered strains in the synthetic microbiome consortium.
Additionally, a broad approach beyond bacteria-bacteria contact
should also be considered in potential applications. Synthetic
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microbiome studies can be carried out in terms of mycobiome and
viruome coupled with chemicals and other component interac-
tions. This is possible as there has been an increase in studies eval-
uating the role of viral and fungal microbiome components with
tailored methods and reference databases for identification and
classification. In conclusion, the synthetic gut microbiome will
broaden our knowledge of gut ecology and their mechanistic func-
tions, and will be of great assistance to design effective and accu-
rate microbiome modulation strategies for health benefits.
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