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Abstract: Across the world there is an increasingly heavy burden of noncommunicable diseases
related to obesity, mental health, and atopic disease. In a previous publication, we followed the
developing idea that that these conditions arise as our microbiome loses diversity, but there seems to
be no generally applicable way to assess the significance of this loss. Our work revisited the findings
of the African studies by Denis Burkitt who reported that the frequency of what he called Western
diseases were inversely proportional to the average faecal volumes of affected populations. Although
he ascribed this to fibre in the diet, it now seems more likely that the drop in faecal volume with
the onset of disease is due to the loss of a fully functioning microbiome. We suggested that the
microbiome could be considered to be a single mutualistic microbial community interacting with
our body by two complementary sets of semiochemicals, i.e., allomones to feed the microbiota by
facilitating the efficient transfer of nutrition through the gut and kairomones to calibrate our immune
system by an as yet unknown mechanism. The bioactive compounds, dopamine and serotonin, are
known to be present in the gut lumen under the influence of intestinal microbiota and we suggest
that these are part of this allomone-like system. In light of this possibility, it is of critical importance
to develop a method of quantifying the microbiome effectiveness. Ingestible sensors consist of a
miniaturized detector and transmitter packed into a capsule that is swallowed and tracked through
the intestine. The aim of this article is to explore the possible development of such ingestible detectors
for these or other compounds that can act as a surrogate marker for microbiome effectiveness.
We consider that the ability to provide real-time quantitative information on the interaction of the
microbiome with different nutrients promises to be a valuable new tool to unravel the mystery of
these noncommunicable illnesses, i.e., microbiome-function deficiency diseases.
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1. Introduction: The Microbiome in Health and Disease

There is an increasing incidence of noncommunicable diseases such as obesity [1], mental health
problems [2], and atopic disease [3] which are all diseases that are associated with immune system
defects stemming from a disturbance of the microbiome [4–6]. Similar to autoimmune diseases
that either affect the intestine itself [7] or sites remote from the intestine [8], type 1 diabetes [9] and
cancer have also been associated with immune system defects stemming from disturbance of the
microbiome [10]. It seems that an effective microbiome is critical during early life, especially in the
calibration of the developing immune system [11]. The purpose of this article is to briefly consider the
possibility of detecting suitable microbial metabolites with the goal of assessing the effectiveness of the
human intestinal microbiome.

As with the previous paper [12], the term microbiota is used to indicate actual microbial species,
whereas microbiome refers to the sum total of microbes expressing genes that are mainly beneficial to
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the host; this is because humans evolved within the world of microbes and viruses. Therefore, the
microbiome is considered to be more important than individual microbes because useful genes or their
phenotypic products can be shared between widely different species [13]. The word dysbiosis [14] is
used to describe the partial failure of the microbiome.

2. Horizontal Gene Transfer

The overall interaction and control between the constituent organisms in microbiomes relies on
the process of horizontal gene transfer (HGT). To wholly understand how living organisms, especially
microbial ones, obtain physiological properties and metabolic characteristics which they did not
previously have, means having to invoke and understand mechanisms of mobile genetic elements
(MGEs), i.e., the exchange or transfer of only a few genes. This process is generally referred to as HGT,
as opposed to the process of vertical gene transfer which occurs during sexual reproduction when
the entire genome is transferred to the progeny. There are three such mechanisms, namely bacterial
transformation [15], bacterial conjugation [16], and transduction [17,18]. All three HGTs are operational
in the human gut, probably simultaneously, transferring genes across species, genera, and even phyla.
In short, bacterial transformation occurs when MGEs from lysed microbial cell contents are taken up
by other living cells; bacterial conjugation takes place between two living microbial cells, i.e., between
the host and competent recipient cells via sex tubes, namely pili. In this respect, the process is an active
one and is imitated by the host cell, meanwhile the recipient cells remain passive during conjugation.
Finally, transduction happens when phage-infected microbial cells, upon their demise (lysis), release
phages that are packed with host cell MGEs and infect other microbial cells, thereby transferring the
traits of the host cells to the recipient cells. In all three cases, the recipient cell is transformed due to
integration and subsequent recombination of the incoming MGEs with its chromosome. In the context
of the human microbiome, HGT, the shedding of genes and the theft of metabolic products is becoming
an important factor in health and disease. Koumandou and co-workers mapped the distribution of
nine bioenergetic modes using 16S rRNA (more later) sequences from 272 species of fully sequenced
prokaryotes, which represented the full diversity of prokaryotic ancestries. They reported that there
was an irregular distribution of metabolic pathways among different lineages due to gene transfer
events and an ancient origin and diversification of b-type cytochromes, which means that bioenergetic
pathways were dynamic amid the human gut microbial community [19–21].

3. Microbiome Diversity: Probiotics and Sentinel Cells

Previous research has focused mostly on individual microbial species and their variation in
different disease states. However, it is now clear that individual species vary widely in response
to many different conditions, even in the absence of overt disease. Microbiome function, in which
valuable genes are expressed by several different species, is likely to be more important than actual
microbial entities [22]. In this way, the diversity of the microbiome insures it against the suppression of
individual microbes, for example, if there is a significant change in the diet [23]. An individual with
low diversity of gut microbiota is vulnerable to diseases if events (or lifestyle choices) mean that there
is insufficient residual microbial activity to supply the necessary semiochemicals. Effectively, these
noncommunicable diseases are considered to be deficiency diseases, and therefore, in principle, they
can be treated by the addition of probiotics to the diet [24].

Commercial probiotics can reduce the risk of antibiotic-induced diarrhea and necrotising
enterocolitis in premature babies [25], especially alongside prebiotic treatment [26]. An effective
treatment for Clostridium difficile overgrowth is provided by the ultimate probiotic, faecal microbiota
transplantation (FMT), in which the whole microbiome is replaced in one go [27,28]. If the microbiome
is not too severely affected, for example, in the attempted treatment of ulcerative colitis, FMT requires
several treatments or is not effective at all [29].

It has been found that the presence of yogurt-derived microbes in the diet of mice was enough
to evoke an immune response without changing the apparent nature of their microbiome [30].
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This dietary microbe immune-stimulating effect was absent in germ-free mice, suggesting that the
intestinal microbiome acts as an intermediary between external microbes and the immune system [30].
It seems that the interrogation of external microbes by the in situ microbiome can pass information back
to indirectly activate the host immune system, rather than direct action between external microbes and
the host immune system itself. In an earlier paper, we termed such interrogating species “microbial
sentinel cells” [12] and suggested that they are the same as the “old friends” of Rook and co-workers [6].
The implication is that added probiotics could have the same effect as lightly processed foods in which
environmental microbes are retained. It is important to note that external microbes damaged by heating
could still elicit a positive response if sufficient antigens are present to activate these sentinel cells,
reminiscent of Griffith’s transforming factor experiments [15]. In the same manner, enough plasmid
particles can survive excessive heat during cooking to be recognized and included within the genome
of appropriate microbiota.

The HGT’s processes explain the mechanisms by which exogenous genes become incorporated.
For example, consider transformation during the lysis of bacteriophages, MGEs which contain
resistance gene elements are released and, then, taken up by surrounding microbes, and therefore
confer antibiotic resistance [31]. Such widespread HGT [32,33] is expected to result in the spread
of genes between different genera and even phyla of microbes within the diverse microbiome [34].
Bacteria and archaea [35] contribute the greater amount during gene transfer; whereas microeukaryotes
including amoebae and even some fungal species [36] also play a part, but much less is known about
the role of these groups of organisms.

Because microbial communities are composed of hundreds of different species containing members
of all three microbial domains of life, namely archaea, bacteria, and eukarya, we consider it unlikely that
we would be able to gain much understanding from the resultant multitude of individual interactions.
Accordingly, the microbiome is best considered as a whole; it is this collective interaction between
various organisms that is important, including the host, in this respect humans [12]. Interestingly,
Margulis first raised the concept of an intact microbiome acting in concert with the host as a single
evolutionary unit as far back as 1991 [37]. The term used was “holobiont” [38]. Although it is still
under active discussion, the holobiont concept could be applied to both our body and our mutualistic
microbiome. This term could also be applied to other animals and could be common to all vertebrate
species to a greater or lesser extent.

4. Detecting Diversity and Overall Composition of the Microbiome

In general, the challenge with the microbiome is that we are only able to grow less than 5% of
the microbial species in a laboratory, the rest are simply too fastidious. However, studies involving
techniques such as polymerase chain reactions (PCR) do at least tentatively identify the ribosomal
RNA (rRNA) of the known micro-organisms; rRNAs, in particular 16S rRNA or 18S rRNA, that are
found in all cellular life forms, are ideal for such investigations as they are highly conserved. 16S
rRNA is the preserver of all prokaryotes [39] and 18S rRNA is part and parcel of all eukaryotes [40],
whereas “S” in 16S/18S is a Svedberg unit of sedimentation, noting that the ribosomes of the former are
smaller and lighter (70S and 2700 kDa) in weight than the latter (80S and 4200 kDa). This technique is a
process whereby ribosomal genes (strictly speaking ribosomal transcripts), i.e., the DNA segments
which code for 16S/18S rRNAs, are highly conserved, and therefore unique to each separate species.
In order to make rRNA identification possible, the following three aspects of the conserved regions are
necessary: Initially, the conserved genes to be studied need to be universally distributed in all cellular
species. Secondly, to identify highly conserved homologous segments of such genes, the conserved
regions must, first, be isolated and, then, placed side by side for comparing and contrasting differences
in sequences within them. These differences give new genotypic attributes to the newly emerging
species. Finally, the rate of point mutations within the conserved region needs to be at acceptable levels
and must be due to natural causes, normally taking millions of years rather than a rapid change as
experienced by the genome in general. After confirmation of these three requirements, amplification of
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the conserved segments can be brought about by using polymerase enzymes so as to make it possible
to detect microbes within microbiomes.

5. The Mutualistic Microbiome: Dysbiosis

Our previous publication [12] followed up the observations of Burkitt during his travels in Africa
after the Second World War. Burkitt noted that rural Africans ate large amounts of fibre and passed
stools three to five times more massive than that of typical inhabitants of developed countries. He also
noted the absence of what he termed “characteristic modern Western diseases” in his subjects [41].
We developed this observation in light of the current understanding of the microbiome and suggested
that various substances released by the microbiota behave as semiochemicals [42], representing the
mutualistic interaction of human organs with various microbial metabolites (not exclusively the
intestine [7,8]). In particular, we considered that substances such as dopamine and serotonin act to
improve gut motility, i.e., the coordination of nerves and muscles allow the smooth transit of the gut
contents [43–45]. In this way, the microbiome receives adequate nutrition to perform its role which is
to calibrate the immune system [12]. This mechanism would explain the high faecal volumes noted by
Burkitt [41]. By contrast, the failure of these semiochemical systems leads to a fall in faecal volume and
a corresponding increase in the likelihood of disease (Figure 1). Note the use of an ingestible sensor to
estimate the overall effectiveness of the microbiome (to be described later).

Figure 1. Illustrates the consequences of altered microbiome function and variable
semiochemical production.

This concept of a single mutualistic microbiome, which has a semiochemical mode of action,
albeit with variable interacting microbial species, offers valuable new insight into the development of
microbiome-function deficiency diseases. It is important to realize that, to the best of our knowledge,
there is no competing theory that brings the three modern plagues of obesity, altered immune function,
and poor mental health under one single rationale. Equally, there are no quantitative data to support
or refute our argument [12]. It is the purpose of this article to suggest a way to obtain such data.

6. Ingestible Sensing Capsules in the Context of Microbiome Studies

Ingestible sensors consist of a miniaturized detector and transmitter packed into a capsule that
can be swallowed and tracked through the intestine. They have the capacity to revolutionize the study
of the gut with a vast array of potential targets both for direct practical application and for research
purposes. Some are commercially available, such as pH, temperature, and pressure sensors, recently
reviewed in [46]. A remote sensing procedure called colon capsule endoscopy has been developed
to look at the inside of the gut wall using visible light and two video cameras transmitting pictures
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affording nearly 360 degree coverage to an external monitor. Its effectiveness has been reviewed relative
to both conventional colonoscopy and computer tomography colonography [47]. For a slightly different
purpose, a single-use remote sensing system has recently been developed to monitor compliance
among people suffering from severe mental illness while taking a “digital pill” containing the atypical
antipsychotic aripiprazole [48], an example of the expanding field of digital medicine [49]. Any sensing
system capable of being miniaturized can be used. One recent example used bacteria that were
themselves engineered to produce a luminescent signal on exposure to a specific agent. This signal
was converted to a radio transmission for external monitoring. Their proof-of-concept studies used
heme protein to detect bleeding in swine intestine. The authors reported that their technology could
be applied to the detection of many different substances [50].

The sensing of gas generation by microbial fermentation in the gut has been taken to the point of
clinical trials [51]. The gases, hydrogen, carbon dioxide, and oxygen, are the first examples of real-time
in situ measurement of the chemical components of the gut. They represent the beginning of the
process of unravelling the complex chemistry of the microbiome, potentially allowing researchers to
follow its function in health and in disease [52,53].

Many of the semiochemicals released by the microbial contents of the gut are chemically identical
to the messenger substances known to be present in the brain, leading to the conclusion that their
significance could be due to the timing of their appearance relative to bodily events such as eating or
sleeping, for example. The possession of an ingestible sensor calibrated to detect these semiochemicals
would be an invaluable aid for understanding the progress of the noncommunicable conditions
described by Burkitt as the Western disease [41]. In particular, the successful application of the scientific
method requires the possession of reproducible, ideally quantitative, data. The simple measurement of
faecal volume does not provide adequate data and has not been used since his studies. An ingestible
sensor could be used as a quantitative surrogate marker for a deeper understanding of these conditions.
Until the scientific method is established it is likely that the microbiome field will remain beset by
unsubstantiated claims related to health benefits.

It should be possible to obtain much valuable data from animal experiments, as it is unlikely
that microbial–animal interaction is specific to humans. As an example, we hypothesized that the
use of antibiotics to enhance the growth of farm animals such as swine [54] is probably due to the
degradation of their microbiome [12]. It is interesting to note that both poultry and fish farming also
benefit from antibiotic growth promotion [55,56] suggesting, if it is the same mechanism as growth
promotion in mammals, that it stretches back at least to their very earliest forebears.

7. Target Metabolites: A Surrogate Marker for Microbiome Effectiveness

The target metabolite chosen depends on technical considerations including chemical selectivity,
ease of measurement, and stability to the corrosive conditions of the gut [46]. Another key consideration
must be the relevance of the target to the functions of the microbiome itself. Although many compounds
are produced within the gut lumen, it is hard to know which behave as specific signaling molecules
between the gut and human organs, namely semiochemicals. The short chain fatty acid salts, including
acetate, propionate, and butyrate seem to be the end products of fibre metabolism working in an
anoxic environment. As such, they represent a marker for an effective working microbiome, however,
although they have profound effects on the immune system and the cells of the gut wall, in our opinion
they are unlikely to be specific semiochemicals [57,58].

Serotonin has multiple functions throughout the body [59] and is produced within the gut lumen
in the presence of the appropriate microbes [45]. However, there is also production and storage of
serotonin within the adjacent enterochromaffin cells under the influence of short chain fatty acids, and
therefore it could prove not to be a clear-cut target for an ingestible analytical system [60]. By contrast,
dopamine production is known but is less well characterized within the gut lumen [43]. It is known
to stimulate the immune system [44] and, although dopamine does not pass the blood-brain barrier,
it may yet contribute to strengthening the microbiome-gut-brain axis [5]. An accidental observation
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made while studying obsessive-compulsive disorder led to the conclusion that dopamine generation
in the brain affected insulin sensitivity in peripheral tissues [61]. At the moment there is no way of
estimating the flux of dopamine formation in the gut, and therefore any contribution to diabetes and
related conditions. An ingestible sensor calibrated to the determination of dopamine would allow
researchers to study this potentially significant connection.

Interestingly, it has been shown that the mechanism of production of messenger chemicals (i.e.,
neurotransmitters) has been transferred from bacteria to animal cells via horizontal gene transfer.
Such neurotransmitters include the catecholamine dopamine and the indole serotonin, along with
histamine, acetylcholine, and even nitric oxide. The suggestion is that these transfers of genes took
place separately, both before and after the divergence of animals from fungi [62].

8. What is the Story So Far . . . ?

We have developed the concept of the microbiome as a single “mutualistic microbial community”
with variable members, but which interacts with the host by one semiochemical allomone-kairomone
mechanism of action [12]. It is believed that there is a limited number of critical metabolites that define
an efficient microbiome and that measurement of these would provide an opportunity to quantify
their effectiveness. This concept is under active consideration.

The causes of these modern noncommunicable diseases are bound to be complex and difficult
to unravel. However, there are still some isolated people leading a mode of life widely removed
from the Western lifestyle, similar to those originally studied by Denis Burkitt [41], that exhibit low
levels of obesity and heart disease. Such people include the Tsimane, a mixed hunter-gatherer and
farming community living in the Bolivian Amazon, under medical care since 2012. Although some
of their medical data was reported in 2017, there was no mention of their microbiome status [63].
One problem is that there is no current way to measure the actual effectiveness of the microbiome as a
whole, although microbial species may be tabulated.

In conclusion, identification of these critical metabolites and development of an in situ method of
measurement could offer an unparalleled opportunity to study microbiome effectiveness, as well as
the progression and eventual cure of microbiome-function deficiency diseases.
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