Modeling Gut Microbiome
Effects in Alternative
Animal Models - Finding
the Happy Biota for a
Long and Healthy Life
Learning that “You are what you eat”
may leave your stomach churning in
anger.... or leave you in a pleasant
state of symbiosis

What is the microbiome? How does it help or hinder health? And, what
does recent research indicate?
We’ve all had that regret: “oh, I should not have eaten that.” But recently, research has shown
that your discomfort can be an indicator of your gut microbiome’s homeostasis. The human
microbiome refers to the combination of microbes and their genes (bacteria, fungi, protozoa and
viruses) that exist inside and outside of the human body [1]. Consisting of 10-100 trillion cells,
the human microbiome which is essential for digestion has many health benefits ranging from
regulating our immune system to producing the vitamins which are needed for blood
coagulation. While microbes colonize most surfaces on our bodies: skin, nasopharynx, oral
cavity, urogenital tract, and gastrointestinal tract, the vast majority of humans’ interaction with
our microbes occurs in the gastrointestinal gut.
The human intestine harbors at least 100x more bacteria than the entirety of our embryo-derived
cells. As a result, these bacteria (or to be more exact "microbiome") can have a profound impact
on our health. This number of microbes is startling, however, what determines a person’s place
on the disease-to-health spectrum is not the number of bacteria, but how diverse these bacteria
are. The types of bacteria found in our gut are stratified between the intestine and colon [1]. In
the intestine, the microbes that reside there are optimized to digest easy to metabolize
compounds (simple sugars, fats, amino acids, and other molecules); while in the colon, the
resident microbes specialize in fermenting digestion of complex carbohydrates [2].

Figure 1. Spatial distribution and concentrations of bacteria along the gastrointestinal tract of humans [3]
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It’s true that the microbiome includes both symbiotic and pathogenic microbes — in a healthy
person, these ‘bugs’ coexist without causing harm. However, when there is an abnormality in
this microbial ecosystem, known as dysbiosis, a person can be at higher risk of developing
diseases such as nonalcoholic fatty liver disease, cardiovascular disease, obesity, diabetes,
depression, Parkinson’s disease, autism, and various gastrointestinal cancers [4]. Because of
this, there has been a recent increased interest in how microbe populations influence each other
(microbe-microbe interactions). And also how microbes, especially pathogenic microbes, sustain
themselves inside people (host-microbe interactions).

Figure 2. Social interactions among microbes. Microbes frequently interact with clonemates or other
microbes of the same or different species (represented by microbes of different colors and shapes,
respectively) [5].
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One of the key areas microbiome researchers are exploring is gut plasticity, asking whether
researchers can use their newfound knowledge of the gut microbiome to design interventions
that not only treat disease, but improve healthspan [1]. So far it looks promising: the gut
microbiome can trigger systemic inflammation, which is an aspect of “inflammageing” (chronic
inflammation that accumulates with age), and dysbiosis has been implicated in several ageassociated neurodegenerative diseases [6]. Better understanding of how the microbiome
changes with age, what the microbes’ role is in the bidirectional communication between the gut
and brain (the gut-brain axis), and how these systems interact with our immune defenses, could
enable targeted interventions that improve our lifespans and healthspans.

Figure 3. The gut microbiome, immune system, and brain all cross-communicate and can be
modulated by interventions to improve healthspan and lifespan. Some interventions may more directly
impact one system, some may impact indirectly, such as the direct impact of diet and fecal transplant, and the
indirect impact of exercise on the gut microbiome. Nonetheless, the gut microbiome), the brain, and the
immune system are all connected to one another, and along with age, change in one system can subsequently
impact the other systems, ultimately impacting healthspan and lifespan as well. Moreover, the impact of
individuals and combinations of interventions on the key players of healthspan and lifespan are still being
explored [6].
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The External Effects (Diet, Environment, Birth) on Microbiome
Reconstruction of ancient human gut microbial genomes have revealed that the gut
microbiomes of people living in rural areas far more closely resemble our ancestors’ than people
living in industrialized areas [7]. This is largely attributed to the differences between the modern
western diet, which is often more processed, higher in dietary fat, and lower in fiber, than a rural
diet, which contains much higher microbial diversity [8]. There is growing evidence that the
maintenance of a diverse population of gut microbiota is vital to maintaining health, and that
imbalances in these populations are associated with diseases, such as IBD, cancers, and
metabolic diseases [9, 10, 11]. The long-term impact of diet on microbiome is evident, as there
are stark differences between children raised in Europe compared to rural Africa. However,
dietary impact on microbiome can also be seen from short-term changes: when children living in
rural Africa were fed modern western diets their microbiome changed to be more akin to
European childrens’, and US immigrants experience a ‘westernization’ of their microbiome (the
amount of which varying depending on the amount of time spent in USA) [12, 13]. Changes in
microbiome also occur during and after travel [14, 15].

Image 1. US immigrants experience a ‘westernization’ of their microbiome (the amount of which
varies depending on the amount of time spent in USA) [13].
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People’s makeup of their microbiome is variable: it's different depending on where in the world
you’re born, but also depending on how you’re born, and what stage of life you’re in. It is known
that people’s first microbiomes come from their mothers, and there has been a lot of recent
research into the differences in babies’ microbes who pass through the birth canal versus are
delivered by cesarean section. These differences are measurable for months and may have
lasting impacts on health. For instance, cesarean birth is associated with a higher risk of
inflammatory bowel disease, type 1 diabetes, coeliac disease, childhood asthma, and obesity
[16, 17, 18].
As you age, your gut species become more diverse: from ~100 species? in young infants to
~1,000 in adults (100,000's of species in adults [2] and 200 phylotypes per individual [19]).
There is a notable increase in the microbiome around the 6th month age mark, which is when
solid foods are introduced. This shifts children’s microbiota towards Bacteroides spp., which
improves one’s ability to metabolize complex carbohydrates [4]. Once you hit 65 years old,
certain species become more prevalent than others, resulting in a distinct ‘elderly’ microbial
profile.

Figure 4. Growing Public & Institutional focus on Diet-Microbiome-Health Interactions [19].

The importance of microbiota as contributors to our health is now recognized worldwide. This is
apparent by the theme for the 2015 World Expo, ‘Feeding the Planet, Energy for Life,’ at which
the EU’s Commissioner for Research and Innovation launched the FOOD 2030 policy
framework. Part of this framework includes the MicrobiomeSupport Consortium which aims to
establish international standards for the research and development of the microbiome field and
advocates for a systems approach to understanding microbiome functions (emphasis on food)
[21,22].
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Figure 5. Calling for a system approach in microbiome research and innovation [21]

There is growing awareness that the Western Diet promotes inflammation “that arises from both
structural and behavioural changes in microbiome” and that these changes are associated with
metabolic disease [23]. This is partially due to the prevalence of ultra-processed foods in the
Western Diet, which are now known to be a drivers of diet-related diseases. Ultra-processed
foods have been shown to create increased amounts of aceullular nutrients (nutrients not
contained in cells), which are more easily digestible and are understood to increase intestinal
bacterial growth [24]. Their easily digestible nature means you burn fewer calories, and cause
sudden increases in blood sugar - a known predictor to developing insulin resistance and type 2
diabetes. Another pillar of processed foods, food additives, have also been shown to have
negative effects. For instance, non-caloric artificial sweeteners (NAS) can cause bacterial
overgrowth, gut microbiota dysbiosis, altered species, and increased inflammation [23]. Despite
this, NAS are not tested for safety in regards to microbiome effects before being sold on the
USA market.
Seeing that certain diets, such as Western, are associated with disease and changes in
microbiome, and that even short-term alterations in what we eat can affect our gut microbiome,
experts are now calling for people to eat a higher fiber diet. One of the benefits of a high fiber
diet is increasing the biodiversity of colon biota by creating a favorable environment for
carbohydrate-fermenting bacteria [25]. There is another stratification occuring with the mucosa
and fecal matter. The mucosal layer of the gut epithelium and the inside lumen of the gut is
where the fecal matter resides. The bacteria of the mucosal layer can act as a reservoir for
repopulating the fecal layer.
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Figure 6. Structures of the small intestine. The inner wall of the small intestine is covered by numerous
folds of mucous membrane called plicae circulares. The surface of these folds contains tiny projections called
villi and microvilli, which further increase the total area for absorption. Absorbed nutrients are moved into
circulation by blood capillaries and lacteals, or lymph channels [25]

Indeed, we’re just stretching the surface of understanding how the microbiome affects health
and wellbeing: the microbiome has been associated with gut diseases such as IBD, and
Chron’s, as well as diabetes, asthma, obesity, cancers, and autoimmune disorders such as
celiac’s disease. This is understandable as, with approximately 70% of immune cells residing in
the gut, the gastrointestinal system is essential to the immune system [27].
Armed with the knowledge of how food can positively or negatively impact our microbiome, and
thus our overall health, Dr Jeffrey Gordon of Washington University’s School of Medicine, along
with his colleagues at the International Centre for Diarrhoeal Disease Research in Bangladesh,
created therapeutic snack foods which contain ingredients shown to repair gut microbiomes
(chickpeas, soy, bananas and peanuts) [28]. So far Gordon and his team have conducted trials
on malnourished children in Bangladesh, which recently earned him the coveted Balzan Prize.
He and his team hopes to develop these products further, using them to treat malnutrition
worldwide.
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Figure 7. Relationship of pre-, pro-, post- and synbiotics.

Microbiome Products and Therapies
The appreciation of diet’s effect on microbiota and health overall, has led to an explosion in
products that are referred to as ‘functional foods’ and aim to optimize intestinal microbiota
composition. Indeed, the global digestive health market was USD 42.19 billion in 2020, and is
projected to grow to USD 71.95 billion by 2027 [28]. Largely these products consist of
Prebiotics, Probiotics, Postbiotics and Synbiotics.
Functional foods that influence the microbiome range from:
Prebiotic. This product category is the indigestible, or slow to digest substrates, that act as
reservoirs for microbial growth. The FAO/WHO defines this as a “non-viable food component
that confers health benefit(s) on the host associated with modulation of the microbiota.” An
ideal prebiotic should be 1) Resistant to the actions of acids in the stomach, bile salts and
other hydrolyzing enzymes in the intestine 2) Should not be absorbed in the upper
gastrointestinal tract. 3) Be easily fermentable by the beneficial intestinal microflora.
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Probiotic. This is the category most familiar to the end users. These are a wide variety of
healthy microbes that are commensural to our need for gut health. The FAO/WHO defines
these as “live microorganisms which when administered in adequate amounts confer a
health benefit to the host.”
Postbiotic. This category is composed of the products and metabolites produced by
microbes that act to supply vital nutrients and immune support. Postbiotics appear in
literature & commercial products, however, this category has limited guidance on its
definition. In fact, Postbiotics are currently unrecognized by the FDA.
Synbiotic. When a formulation or treatment involves a mixture of the above categories it is a
synbiotic product. A synbiotic is attractive for proprietary branding because synergy can be
demonstrated with the mixing of the two or more products or product categories. The effect
of the mixture is synergistic when the level of benefit is higher than can be achieved with any
of the components on their own [30].

Figure 8. Probiotic mechanisms of action. Probiotics, after they reach the intestines, promote
beneficial effects to the host by various mechanisms. These include mucin production, production of
bacteriocins, acids, and short-chain fatty acids (SCFA), which are responsible for the inhibition of
pathogens, inhibition of bacterial translocation, and inhibition of pathogens due to competition for
receptors and nutrients. There is also stimulation of dendritic cells, which in turn induce the differentiation
of T cells into Th1, Th2, and Treg, the latter being responsible for maturation of plasma cells, and thus
immunoglobulin A (IgA) production and secretion; stimulation of beta-defensin production; inhibition of
signaling pathways, such as nuclear factor κB (NF-kB), MAPK, and STAT, promoting proliferation and
survival of the cells; changes in cytokine production profile, enhancing the production of anti-inflammatory
cytokines and inhibiting proinflammatory factors; and interaction via the enteric nervous system with the
central nervous system, promoting changes in intestinal mobility and pain perception [31].

Contact us to learn more: support@invivobiosystems.com

Page 9

Many people are familiar with probiotics from yogurt, however, they also occur in other
fermented food such as pickles, tempeh, miso, and kimchi [32]. Typical probiotic supplements/
food additives consist of Lactobacillus, Bifidobacterium, and Lactococus, Streptococcus,
Enterococcus. The addition of these live microbes act to restore homeostasis in the gut, and
prevent the growth of harmful bacteria by competing for nutrients. Probiotics improve overall
digestion, can be used to treat food allergies, and increase the immune system. Probiotics’
ability to improve health in metabolic disorders and prevent cardiovascular health also looks
promising, however, more research is needed to understand the mechanisms underlying
probiotics’ effects [32,33].
Prebiotics naturally exist in foods such as asparagus, garlic, wheat, barley, human and cow
milk, peas, and seaweeds [34]. The prebiotics that are added to food products include: inulin,
fructooligosaccharides, lactulose, and derivatives of galactose and β-glucans. Prebiotics journey
to the colon unaltered, where they act as an energy source for probiotics, encouraging healthy
gut bacteria to grow. Prebiotics’ molecular structure determines which microorganism can use
them as energy, thus, consuming the right strain of prebiotic is essential to obtain the intended
therapeutic effect. Prebiotics have been shown to improve immune function, however, it is
unclear by what mechanism.
Commonly, synbiotic products contain a combination of Bifidobacterium or Lactobacillus genus
bacteria with fructooligosaccharides [33]. The prebiotics act to improve the viability of the
probiotics by helping them survive the journey through the upper intestinal tract. As a result,
synbiotics reduce concentrations of undesirable metabolites, and increase levels of short-chain
fatty acids, ketones, carbon disulphides, and methyl acetates. Studies have also shown that the
probiotics have increased durability for environmental conditions like pH and oxygenation,
however, this mechanism of action is unknown. Like pre- and probiotics, synbiotics have been
associated with improved immune systems, alleviation of diarrhoea and constipation, and could
be extremely beneficial for prevention of osteoporosis through the increase in calcium uptake
[35].
This is an ever-evolving field, for instance, as recently as 2019, the International Scientific
Association of Probiotics and Prebiotics (ISAPP) met to define the term ‘postbiotic’ which has
become regularly used in scientific literature and on commercial products, but is still not
recognized by the FDA [36]. The definition they settled on was “preparation of inanimate
microorganisms and/or their components that confers a health benefit on the host”, but may
better be understood as the bioactive compounds that are produced by bacteria [31,36]. While
Postbiotics are a relatively newly identified group of compounds that may play a role in gut
health, they’ve been linked to improved immune systems, and alleviated symptoms of IBS and
ulcerative colitis [36,37].
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The last two decades of microbiome research have brought about greater understanding that a
‘balanced’ microbiome may look different in each individual [38]. Using data collected by the
Human Microbiome Project, it has been found that individuals’ microbial compositions are so
unique that they create a ‘microbial fingerprint’ which is still overwhelmingly accurate a year
later, and even differ between twins. This has powerful implications on our understanding of gut
health and disease. For instance, the previously mentioned chronic conditions, Chron’s and IBD,
are just two conditions out of a whole category of gut-related diseases that are thought to have
a genetic variable which is amplified by environmental factors [38,39]. This interplay between a
person’s genetics and their environment has highlighted the need for personalized therapeutics
when treating gut dysbiosis.

The Functional Foods and Medicinal Foods Markets & the Companies
Making them
The demand for both disease-treating therapeutics, as well as general public health-focused
products has created two booming, but slightly different markets. The functional food market
targets healthy individuals buying products to improve their healthspan, while the medicinal food
market is intended for sufferers of a specific disease or condition, and aids in disease
management [40]. These new markets have led to a growing field of biotech companies which
are developing both functional and medicinal products, particularly microbiome-based products
[41]. Since 2008 there has been a surge in microbiome-related patents in the USA [Figure 9],
and a slieu of investors betting that the microbiome is the future of personalized medicine.

Figure 9. Microbiome Patents issued in the
USA from 2008 to 2019 [41]
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Regulatory Concerns
Currently, there is concern that functional food products are inappropriately using the terms
‘Prebiotic’, ‘Probiotic’, ‘Postbiotic’ and ‘Synbiotic’, and that the functional foods market overall
lacks suitable oversight. This is because food additives/supplements fall under the category of
nutraceuticals and as such are not subject to FDA approval like a pharmaceutical drug would.
To mitigate these concerns, the FOA (Food and Agriculture Organization) and WHO (World
Health Organization) jointly released guidelines to help the public evaluate functional food
products’ claims. In their report, the FOA/WHO specified the need to have proper strain
identification, to check for In vivo safety assessment and effectiveness, and to pay attention to
storage conditions, expiration dates, and dosages [42] . This report also notes the difficulty of
assessing effects on our microbiome, and calls for further development of alternative models
which can then be used to better substantiate health claims.

Models to Research Microbiome
Mice Models
While mice models have predominantly been used in microbiome research, over the years
researchers have pointed out aspects of the model which make it less than ideal for researching
the microbiota of humans. Beyond the standard challenge of murine models (high maintenance
costs, and long life span) the ability of mice to be a translatable model for human microbiota
research is also limited due to structural differences in intestinal tracts. There are also major
differences between the two species' intestinal microbiota. Studies have shown that only 4% of
microbial genes in mice and humans share considerable identity, and the quantity of the shared
bacterial types vastly differ [43]. Furthermore, the validity and reproducibility of mouse
microbiota studies have been questioned, as rearing facilities (particularly the feed) and genetic
backgrounds have significant impacts on microbial composition and multiple different mouse
strains have been used [23,43,44]. Finally, it has been found that studies often lack comparable
chow (mouse food): in 2007 only 14% of papers regarding diet used identical feed [23,43,44].
These drawbacks have led microbiologists to “wonder why mouse models are used so often for
translation to humans and the simple answer could be that there is no better alternative” [43] —
but alternative models are starting to emerge!
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Figure 10. Comparison of the intestinal tract features of human and mouse - the main
similarities and differences displayed as a Venn diagram [43]

Figure 11. Major different human and murine intestinal genera. Only genera are shown
that showed consistent differences in relative abundance between humans and mice[43]
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Alternative systems for modeling human microbiome
Computational Models
Computational models are useful for insight into the effects of microbes in humans without
having to consider interspecies differences. Yet a computational approach is currently limited,
because complete models of the microbiota-gut-axis do not exist [45]. It is likely computational
modeling will become a powerful tool as a richer and more complete understanding of the
microbiome interactions is generated.

Zebrafish Model
Zebrafish are rapidly becoming a popular tool in microbiome research. Their fast development,
small size, and high similarity with the human genome (70% of human genes have fish
orthologues), makes them an advantageous model [46]. Their ex-utero development, and
transparent embryos, make observational studies of host-microbe systems easy. Additionally,
zebrafish embryos can be sterilized and then grown microbe-free vs chosen microbes for direct
examination of microbe-host interactions [47]. Furthermore, what may appear to be a limitation,
their aquatic environment, is actually beneficial for microbiome research as it provides a
controllable environment, and their ability to be fed the same diet their whole lives removes the
confounding factor of diet in microbiome research [46]. Zebrafish research also benefits from
established techniques for microscopy, chemical screening, and genome editing. While the
zebrafish does not have a stomach, its intestine is highly homologous to the mammalian
intestine, and it has been shown that the regulatory mechanisms controlling the intestinal
system are highly conserved between zebrafish, mice, and humans [48][49].
Despite being a relatively new model for investigating microbiome mechanisms, zebrafish
research has provided compelling insights: for instance, they have illustrated how impactful
interhost dispersal of microorganisms can be to the variation seen in microbiomes. When wildtype zebrafish and immune-deficient zebrafish (myd88 knockouts) were housed separately, their
microbiome composition was significantly different, however, when they were housed together
these differences were largely eliminated [50]. Zebrafish have also been used to investigate
diet’s effect on microbiome - showing that microbiota regulate intestinal absorption and
metabolism of fatty acids in zebrafish, and that microbiota assembly can be influenced by a high
versus low-fat diet [46,51]. Like humans, there is interindividual variation in zebrafishes’
intestinal microbiota. And developmental-microbiome studies have revealed that their
microbiome follow a similar trajectory to humans (low to high complexity; age specific
populations, etc). Intriguingly, as occurs in humans [52], the diversity of their microbiome
declines with age [53].
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Zebrafish are a particularly good model to study the effect of exogenous factors such as toxins
and pathogens on the microbiome since zebrafish are widely used in toxicology research. These
studies have shown that widespread environmental chemicals disrupt microbiota early in life,
and that parasites can restructure the gut microbiome’s composition [54,55]. Consequently,
microbiome profiling could be used as an early way to diagnose infection or bacterial agents that
will drive disease progression as people age.
The bidirectional signaling cascade of the microbiota-gut-brain axis (MGBA) is well-established,
but more recently dysbiosis has been implicated in neurological disorders such as autism
spectrum disorder and Alzhiemer’s disease [56]. Zebrafish have emerged as a promising model
to better understand MGBA, due to the conserved features of the GIT between zebrafish and
humans, the newly generated zebrafish models of autism spectrum disorder and Alzheimer’s
disease, and the similarity between zebrafish and humans’ enteric nervous system (ENS) [56].
In both species, the ENS regulates intestinal motility and communication between the central
nervous system and the intestine using many of the same neurotransmitters [57]. Furthermore,
zebrafish and humans have many of the same immune-signaling pathways, which have been
implicated in neurodegenerative diseases.

“With its ability to be utilized in many different areas of microbiome research,
zebrafish are surely going to continue contributing to this field.”
C. elegans Model
The nematode, C. elegans has become a premiere model for microbiome research; a simple
multicellular organism, C. elegans are easy to maintain, have a short lifespan, transparent body
throughout its life and it is amenable to high-throughput studies (entire lifecycle an be examined
in 1536 microwell plates) [58]. There are also many morphological and functional similarities
between C. elegans and the human gut which makes this simple animal a highly translatable
model to humans. Notably, many metabolic, stress, and innate immune pathways implicated in
regulating microbiome recruitment are conserved between humans and C. elegans [59]. The C.
elegans model also benefits from a strong community of researchers who have made nematode
resources widely available. Recently, CeMbio was established, a set of twelve fully
characterized bacteria from nine families that represent core microbiome of C. elegans, this tool
is helping to enable in-depth experiments in this field.
A common misconception is that C. elegans destroys all the bacteria that it consumes, and thus,
any found in its gut is accidental and pathogenic. Actually, in the wild, many micro-organisms
(including bacteria, fungi, and viruses) exist within the worm’s intestine [60]. In fact, Zhang et al.
recently showed that there is natural genetic variation in wild-type C. elegans which shapes their
microbiome assembly - regulated by immune, xenobiotic, and metabolic signaling pathways
[59]. This further makes the case for a personalized approach to medicine — it is as if your
genetics have a pathogenic influence on your microbiome.
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“Studying host-microbe interactions in C elegans can be used to reveal the
underlying, or ‘hidden’ factors, in many debilitating and progressive
diseases.”
C. elegans is a well-established model for studying the immune system, and is a powerful way
to study host-pathogen interactions. It has been found that the p38 pathway, which is conserved
between humans and C. elegans, plays a pivotal role in microbiota-initiated immune protection,
however, it does not impact microbial composition [61–63].
C. elegans is also a popular model for investigating the effect of the microbiome on the nervous
system, and neurodegenerative disorders, because the simplicity of the model allows for study
of pathways that are difficult to track in larger, more complex organisms. For instance, enteric
bacteria are thought to influence the pathogenesis of neurodegenerative diseases, however, this
is extremely difficult to study in humans [64]. A C. elegans model showed that this bacteria did
upset protein homeostasis, but that the molecule butyrate stopped the progression of the
bacteria, and the associated misfolding of proteins. Thus, butyrate-producing microbes are
intriguing for both preventative and treatment strategies in neurodegenerative disease.
Furthermore, C. elegans research has identified the dopaminergic system as a target for
treating autoimmune disorders, by finding that the inhibition of a dopamine receptor (DOP-4 in
worms, akin to D1 in humans) activates the the p38/PMK-1 MAPK pathway which, in turn,
enhances immunity [65]. Overall, C. elegans is not yet fully optimized for MGBA research, but
numerous C. elegans models of neurodegenerative diseases exist (such as ALS, Alzheimer’s,
frontotemporal dementia, and Hunginton’s disease) and many of which have all been linked to
dysbiosis [66].
As previously discussed, synbiotics (combinations of prebiotics, probiotics, and postbiotics)
show substantial benefits for preventing disease and increasing health. However, the molecular
mechanisms underlying these effects remain poorly understood [67]. C. elegans are starting to
be used as a powerful model to better characterize these mechanisms and can be used to
screen for therapeutics that improve overall health. It is particularly pressing to understand
these mechanisms due to the proliferation of pre-, pro-, post-, and syn- biotic products currently
on the market. One of the main benefits of these products appears to be a more robust immune
system, which is something that can be seen in C. elegans. For instance, preconditioning with
exposure to the probiotic Bacterium Lactobacillus acidophilus strain NCFM was showed an
enhanced immune response [68,69] and treatment with Lactobacillus rhamnosus Lcr35 was
found hinder toxic infection with Candida albicans [70].
For anti-aging properties, Lactobacillus rhamnosus CNCM I-3690, was found to protect worms
by increasing their viability by 30% and lifespan by 20% [71]. Importantly, transcriptomic
analysis revealed that the increase in the worm’s lifespan correlated with the expression of the
DAF-16/insulin-like pathway — a pathway which is conserved in humans.
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This overview of C. elegans microbiome research presents an exciting future, one that takes a
personalized approach to medicine using Patient Avatars (C. elegans that have been inserted
with a human’s variant using CRISPR). Bottomline: the use of these alternative animal
model systems will help researchers understand which microbiome compositions are
pathogenic and which are therapeutic.

Figure 12. Differences (left and right sides) and similarities (center) between the functionalities of
gut microbiota in C. elegans and humans [58]

Conclusion
The microbiome is a relatively new, but rapidly expanding, area of research. Formerly
dominated by mammalian rodent studies, more and more researchers are finding that
alternative models such as zebrafish and C. elegans can offer the ability to perform large-scale
observational studies, with low maintenance cost, and yet not sacrifice translatability. As a
result, modelling host-microbe interactions, dysbiosis, and disease-specific microbial
communities in these organisms will help answer both fundamental questions about the role of
microbes, and the underlying mechanisms involved in pathways, such as the cross talk between
the microbes of the gut and response in the human brain, the MGBA axis. The microbiome may
provide the link that is needed to understand autoimmune disorders such as coeliac disease,
neurological diseases such as Alzheimer's, and metabolic diseases including type 2 diabetes
and non-alcoholic liver disease. This research is also intrinsically tied with examining the aging
process, and as such, the gut microbiota could be the key to finding ways to improve human
lifespans and healthspans.
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About InVivo Biosystems
Founded in Eugene, Oregon in 2011, InVivo Biosystems is working to accelerate deep in-vivo
insights into human biology and enable researchers to develop and deliver solutions that
improve human health. An expert in CRISPR genome editing, InVivo Biosystems provides a
unique capability for creating custom genome edited zebrafish and C. elegans that enable
therapeutic research on genetic models of aging, developmental, and neurodegenerative
disease, uncovering potential cures. The company’s in vivo analytical testing platforms and
technologies provide faster, cost-effective investigations that focus on proof-of-principle
experiments for rapid go/no go decision making so that biopharma and nutraceutical companies
around the world can better understand aging and aging related diseases and explore potential
treatments.
All our projects include on-call project status updates, as well as regularly scheduled
communication. We also provide on-call consulting and interpretation with our Ph.D. level,
subject-matter experts.
What we do:
Deliver scientific data on test results in less than 5 months.
Produce the best outcome measures for anti-aging products.
Provide information about mechanisms of action (MoA).
Support your Marketing and IP claims with real science.
Contact us to start a conversation about how our services can support your innovation.
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