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Abstract
The human intestinal microbiota represents a complex microbial community that plays an
essential role in the maintenance of host health. Over the last decade, metagenomic and
metabolomic analyses have revealed the influence of intestinal microbial diversity and
composition on a range of biological functions in the host. While overall taxonomic
composition of the intestinal microbiome is informative, changes in spatial dynamics within
the community also have profound biological significance as microbial functions are
influenced by neighbouring community members and the microenvironment. Critical gaps
remain in our understanding of microbiota structure, co-dependences, resilience and
response to antimicrobial agents. In this review, we discuss alternative strategies to
deconstruct the microbiome to yield better designed and more clinically effective therapies.
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1. Background
The microbes that inhabit humans are increasingly recognized for a multitude of activities that
benefit their eukaryotic host. While no single microbiota composition has been identified as
universally healthy, there are health-conferring functions expressed directly and indirectly by
different microbial compositions, particularly those of the gastrointestinal tract. A reliance on
sequencing technologies to map the gut microbiota fails to capture species to species and strain to
strain alliances and bacterial communication networks that may be critical for conveyance of health.
This despite attempts using metagenomics that show strain and pathway co-abundances [1].
Therefore, major gaps remain in our understanding of microbial structural and metabolic symbiosis
that occur within co-dependent microbial consortia at baseline and in response to antimicrobial
exposure. This article will discuss these gaps, propose some methods to fill them, and encourage
further research to understand how microbes connect specifically with each other. In the rush to
apply fecal microbiota transplant and other interventions to influence the gut ecosystem and distant
sites affected by the intestinal organisms and their by-products, we may be failing to apply specific
attributes needed by the recipients and absent in the donor’s stool or probiotic product.
2. Metabolic Associations within the Gut Microbiota and Exposure to Antimicrobials
Due to the invasive nature of gut mucosal sampling, we know less about co-aggregated pairings
and mutualistic associations in the gastrointestinal tract compared to more readily accessible body
sites like the oral cavity [2]. Metabolic associations and microscopy have revealed inter-linkages and
glycocalyx matrix-binding organisms together in ‘microniches’ that specifically colonize different
parts of the intestine [3, 4]. We have yet to identify the molecular function of these microniches
within a co-dependent microbial linkage, biofilm consortia or exopolysaccharide matrix.
Further, the pleiotropic activities of environmentally introduced antimicrobial compounds on the
gut microbiota remain poorly understood. Rather than only considering antibiotics, the role of other
compounds that disrupt the microbiome should be further investigated. These could include food
additives such as sodium benzoate, sodium nitrite, and potassium sorbate [5], environmental toxins
[6], numerous unmetabolized small molecules [7], as well as by constituents producing bacteriocins,
host-derived antimicrobial peptides or from sIgA. Empirically, clinical assessment of patients
exposed to prescribed antibiotics has revealed some mutualistic activities and how single organisms
and biofilms respond to different stressors. But, so far these have not interrogated the microbiota
structure.
Only a few co-dependences have been described to date. For example strains of Bifidobacterium
bifidum, which act as donors of fucose and lactose to allow the growth of B. breve (the beneficiary),
and different species (Bacteroides ovatus, Bifidobacterium longum subspecies longum,
Megasphaera elsdenii, Ruminococcus gnavus, Veillonella parvula) preferentially utilizing mixtures
of plant polysaccharides (arabinoxylan, xyloglucan, β-glucan, pectin) [8, 9]. In vitro coaggregation
studies were an early attempt to identify pairings [2], but strains may mutually benefit through
mechanisms other than coaggregation. Furthermore, while surface structures and thermodynamic
interactions can partly explain how coaggregation occurs, it is not clear what certain strains gain
from binding to another except for retention in a given biofilm or niche, or gaining access to genetic
material from each other. This is not only pertinent to the oral and intestinal sites, but also at others
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such as the skin [10] and urogenital tract [11]. This is important when designing an intervention that
can stop pathogenesis. Should the microbes being administered coaggregate with pathogens to
negate their virulence or disrupt coaggregates to help remove the pathogens from the niche? Both
options require different approaches to selecting the intervention. Yet neither have been
considered in any fecal microbiota transplantations or application of probiotics to the gut.
One way to begin to deconstruct these associations would be to identify bacterial species
consistently found beside each other in stool sample sections studied by microscopy (as discussed
later); then, studying some of these pairings to assess nutritional, genetic and metabolic interactions
between them.
Synthetic ecosystem modelling techniques are evolving that examine how growth rates influence
metabolic competition and output [12], which may be used alongside mini-chemostat or transwell
models to inform temporal community dynamics in the gut biofilm to the point that outcomes could
be predicted. By necessity, untargeted metabolomics are vital to detect and quantify small
molecules produced individually and collectively in naïve microbial consortia and in response to
challenge.
3. Biofilm Structure and Proposed Approach
In addition to gut microbiota composition and metabolomic output, it would be clinically
beneficial to ascertain microbial co-dependences and biofilm structure. Thirteen years ago,
Swidsinski et al [13] were among the first to use fluorescent in situ hybridization (FISH) probes on
colonoscopic biopsies to identify bacterial species and how antibiotic therapy affected adherent
organisms in the intestinal biofilm. Distal to the gut, FISH has also been applied to vaginal cells and
superimposed to 400x magnification for reconstructing how Atopobium vaginae and Gardnerella
vaginalis organize within a mutualistic pairing. Methods that combine fluorescent probes with high
resolution magnification could similarly offer novel insight into the spatial dynamics within bacterial
networks in the intestinal mucosa. Even though FISH is currently limited by the number of gut
microbiota species that can be detected and fluorescent colours that can be clearly identified in a
polymicrobial community, the data could help validate new therapies for certain gastrointestinal
disorders. For example, tagging Bacteroides, Ruminococcus, Eubacterium rectale-Clostridium
coccoides, Fusobacterium prausnitzii, Prevotella, Roseburia and Enterobacteriaceae [14] in
inflammatory bowel disease in response to a specific treatment can be used for preclinical discovery
and validation, or to stratify patients into responders vs. non-responders for current therapies that
target gut microbiota composition and function.
Combinatorial imaging techniques may also be used to examine co-aggregated pairings in the
intestinal lumen via stool sampling. Assuming even microbiota distribution within a 1gram fecal
pellet, future clinical studies can conduct multiple analyses by splitting the samples into three pieces.
One section could be analysed using a range of FISH probes to identify the structure and location of
species. Swidsinski et al. [15] applied this method to examine the spatial arrangement of bacteria
on the intestinal mucosa using three colours on a single frame. A hyperspectral imager fitted to the
microscope is worth considering [16, 17] to provide hyperspectral data cubes with high resolution
and spatial dimensions, with light covering the visible and near-infrared range from 500 to 1000 nm;
though this technique has not yet been explored for microbiota studies. Oil immersion
magnification (1000x) would allow for easier differentiation of bacteria using colours. Other image
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analysis techniques will identify where species are positioned and what co-dependences might exist.
Fiji ImageJ software has been used to identify biofilms on the intestinal mucosa, though limited by
the use of single staining for all bacterial types [18]. Further, BiofilmQ allows for the visualization of
3D binary data dissected into cubes for spatial distribution of the organisms [19]. The use of FISH
probes from shotgun reads is a new method recently reported to identify microbes and image their
spatial structure [20], as these probes could hybridize to OTUs to generate confocal images on
paraformaldehyde-fixed activated samples. This allows for the visualization of novel and low
abundant OTUs.
A second section of fecal pellet could be examined under transmission electron microscopy
either by immunostaining cryostat sections prior to embedding or by first embedding in a
hydrophobic resin to generate ultrathin sections before immunogold labelling [21]. Although this
technique limits the diameter of the section being examined, structural visualization of cell wall
associated pili, lipopolysaccharides, microbial antigens, and bacterial entry into eukaryotic cells may
provide insight into the structure and connectivity of these organisms.
A third fecal section can be analysed by metagenomic sequencing [22], combined with liquid
chromatography – mass spectrometry to assess metabolic output [23]. This would confirm the
presence of bacterial species and the net metabolic output, which can inform future studies to
evaluate metabolomic output as a consequence of microbial co-dependences. After identifying
bacterial type and abundance, additional FISH probes could be made to re-examine the sectioned
material.
The outlined combinatorial approach would provide information on the organisms that are
present, their genetic capabilities and functional output within the pellet, and the structured
organization within the biofilm (Figure 1). The application of these methods on hundreds of samples
would thereby identify key factors in resilience as well as recalcitrant biofilm structures more often
associated with disease.

Figure 1 This combinatorial approach will inform bacterial composition and genetic
capabilities, structure of the biofilm, potential co-dependencies and metabolic output.
It can be argued that stool does not represent what is happening at the tissue surfaces and
indeed that different sites along the gastrointestinal tract will harbour different organisms and
associations. Until a sampling method, such as a pill that can be guided to a site then able to extract
material, is created that does not require intestinal content evacuation, we will have to rely on
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surgically removed tissue to identify microbes and their associations on the epithelium. Whether
implanted fistula or ileal conduit sampling can offer some insight remains to be seen.
Studies on natural and synthetic microbial ecosystems have emphasized that declining
biodiversity alters ecosystem behaviour, and that the nature of co-dependences and disruptive
events, including those resulting from antimicrobial exposure, will influence functional outcome
[24]. In response to certain genera depletion, the microbiota may allow other genera to compensate
for the depleted function while still maintaining the overall metabolic output [25]. By knowing the
recovery debt (deficit in biodiversity and function), it may be possible to determine how to hasten
it [26].
4. Applications of Clinical Relevance
By understanding the composition of the microbiota, and perhaps more importantly the
structure, co-dependences and resilience, experiments could be performed post- challenge with
antibiotics. This would assess alteration or recovery through functional redundancy [27]. There are
several advantages of the above approach, including real-time information acquired on a noninvasively collected human sample, and assessment of whether a specific pathogen within the
microbiota has been eradicated or dislodged.
Biofilm stabilization may serve a purpose for therapies which induce off-target antimicrobial
damage. In order to enhance such stabilization, substances such as substrates that ‘feed’ the biofilm,
might be considered. Prebiotic compounds are substrates that are selectively utilized by host
microorganisms and have potential use in stimulating recovery to a homeostatic state [28]. For
example, if Akkermansia muciniphila or Bifidobacterium located on the luminal side of a biofilm,
associated with a healthy state, are depleted by an antimicrobial substance, subsequent
administration of a prebiotic may hasten their resilience and recovery. A novel prebiotic Lycium
barbarum polysaccharide that stimulates Akkermansia along with immune modulators including
sIgA in the colon of mice has recently been identified [29]. The use of preferential substrates to
prime gut microbiota resilience after antimicrobials deserves further investigation and will help to
add to a previous attempt to create a structural model of how gut microbes interlink [30].
For the most part, the dietary components that should be administered to support resilience and
functional redundancy have not been sufficiently considered in treatment and recovery of patients
with antimicrobial induced biofilm disruption. If the tipping point between health and disease is an
outgrowth of a dense polymicrobial pathogen biofilm [31], then dietary interventions that support
competitor organisms or deprive the pathogens of key nutrients may be worth exploring. Such
alignment of nutrients consumed by the host could also be merited after fecal microbiota transplant
to help retain the donor organisms and health of the recipient.
Appreciating that bacteria in the gut form biofilms, it becomes possible to consider how to
integrate health-promoting bacteria into the niche or use them to disrupt a formation that is
detrimental to the host. This concept has been shown to be feasible in vaginal biofilms disrupted by
probiotic lactobacilli [32]. An extensive review of the concept [33] suggested numerous mechanisms
whereby probiotic bacteria could affect the formation of biofilms, including interfering with quorum
sensing and producing antagonistic substances like acid, bacteriocins and biosurfactants that alter
the surface tension and co-adhesion forces keeping the biofilm structure in place [34, 35].
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Use of microbial monotherapy or consortia that integrate into host biofilms and perform lost
function temporarily may provide a means to reduce the burden of recovery debt, until the system
recalibrates. Use of the microscopy methods described above will bring us closer to understanding
these mechanisms by which certain probiotics may prevent antibiotic-associated diarrhea [36].
An example of the applications we foresee: if a network of say six associated strains is linked in
a biofilm and produces p-cresol toxin, then the clinical manipulation or intervention would have to
disrupt that network so that the p-cresol was not produced or in lower amounts. Thus, a probiotic
strain would be selected for its disruptive ability of those six strains and a prebiotic would help
propagate the probiotic or other similar indigenous strains of that probiotic species. The read-out
would be less p-cresol and on examination of the feces, the six-strain network would be less
abundant. These types of changes to organism connectivity could become an important driver for
future therapy. Many chronic conditions that are difficult to treat may need to have specific
networks broken to stop the inflammatory processes or production of toxins from continually
damaging the host. Once a method is created to identify linkages between species, as this paper
proposes, these types of diagnostics and interventions become feasible.
While antibiotic use comprises the majority of pharmacologically induced microbial dysbiosis,
other environmental contributors need to be better understood. The Center for Disease Control has
proposed the concept of One Health to interrogate the cycling of microbial communities between
soil, water, agriculture, and animals as it relates to human health [37]. Many accidental stressors
can have downstream effects on humans, not solely through chemical toxicity [38]. Future clinical
protocols could include examining the gut microbiota composition and structure to gauge resilience
against compounds with antimicrobial attributes for which the patient has been, or will be, exposed.
The aforementioned methods to quantify and counter disruption in environmentally induced
biofilm microbial disruptions may offer further understanding and potential therapeutic
interventions.
5. Conclusions
A new wave of gut microbiome studies has progressed from descriptive to functional to
translational. Nonetheless, the rational design of therapies to alter the resident gut microbiota will
be slow and imprecise without a greater understanding of microbial co-dependences, pairings, and
aggregations in relation to a human host. Employing methods to quantify the taxonomic and
functional effects of environmental, pharmacological, and dietary perturbations to gut microbial
linkages will help inform public health recommendations. A deeper understanding of codependences and microbial interlinkages can also improve the efficacy of prospective therapies
currently in human clinical trials that are targeting the gut microbiota to treat a range of metabolic,
inflammatory, immunological, and neurological conditions. For example, the same donor providing
feces for transplantation to resolve chronic infection may prove inappropriate for patients with
bloating, inflammation or mental illness because the microbial associations are not aligned to
produce the required metabolites or reactions.
Once mechanisms of co-aggregation and co-dependency are identified, microbes with genes that
increase consortia resilience could be administered or the growth of existing members could be
enhanced prophylactically without fear of promoting drug resistance.
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