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Abstract: The microbiome is explored as a potential target for therapy of bowel and
systemic diseases. Fecal microbiota transplantation (FMT) has demonstrated efficacy in
Clostridium difficile infection. However, clinical results regarding other diseases are modest,
despite the abundant research on the microbiome over the last decade. Both high rate
variability of the microbiome and adaptation to gut manipulations may underlie the lack of
ultimate effects of FMT, probiotics, prebiotics, synbiotics, and antibiotics, which are aimed at
restoring a healthier microbiome. The present review discusses the inherent variability of the
microbiome and multiple factors that affect its diversity, as possible causes of the adaptation
of the gut microbiome to chronic manipulation. The potential use of randomness is proposed,
as a means of overcoming the adaptation and of restoring some of the inherent variability,
with the goal of improving the long-term efficacy of these therapies.
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Introduction

The microbiome is suggested as a potential target for treatment of gut-related or
microbiota-related bowel and systemic diseases. Fecal microbiota transplantation
(FMT) has demonstrated efficacy for Clostridium difficile infection (CDI).! Clinical
results for most other diseases are modest, though research of the microbiome has
flourished over the last decade. Microbiota-based therapies for other disorders than
CDI are performed only in research settings.” The targeting of FMT to several
potential diseases is reviewed herein, along with mechanisms that may explain the
moderate success and failure of the procedures. Adaptation of the gut microbiome
to its manipulation by FMT or antibiotics, probiotics, prebiotics, synbiotics, and
phage therapy are discussed. Standardized microbiota replacement therapies should
be based on the understanding of both the mechanisms of action and safety of these
therapies. The use of randomness as a means of overcoming microbiome adapta-
tion, restoring part of its inherent variability, and potentially altering the gut-brain
axis are proposed for improving the efficacy of these procedures.

The complex interactions between the microbiome
and the host

The complex interactions between gut microbiota involve the role of the host and
the microbiota, including microbiota metabolites, in host protection against
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pathogens, regulating host physiological functions that
comprise metabolism, and developing and maintaining
the balance between the immune system and the nervous
system.> The healthy human microbiota in the gut is
highly diverse comprising between 500 and 2,000
species.” Metagenomic carriage of metabolic pathways
was stable among subjects despite variation in community
structure and racial background.*”

Dysbiosis, the gut microbial imbalance, leads to dys-
function of host machineries, which underlies and contri-
butes to the pathogenesis of numerous diseases.® Dysbiosis
is associated with several intestinal disorders, including
celiac disease, inflammatory bowel disease, and irritable
bowel syndrome (IBS). It is also connected to extraintest-
inal diseases including cardiovascular disorders, allergy,
obesity, asthma, cancer, and sepsis.6 While the debate is
ongoing regarding the impact of dysbiosis on the progres-
sion of these disorders, recent data support a more com-
plex connection which is not a simple cause-and-effect
relationship.> Both inherent variability of the microbiome
and adaptation to manipulations are difficulties faced in
the attempt to restore a healthier microbiome. Table 1
summarizes some of the difficulties associated with FMT.

FMT is used for the treatment of
CDI, but variable results have been

achieved for other indications

FMT increases the recipient’s gut microbiome diversity
and restores microbial balance homeostasis, and is thereby
thought to alleviate dysbiosis-associated symptoms.” FMT
is effective in the management of CDI. The recurrence rate
of CDI is 20%. A review of seven clinical trials for

treatment of multiple recurrent CDI with FMT showed
efficacy of this mode of therapy in this setting.8
However, FMT is not currently endorsed for use outside
of CDI. Both efficacy and safety concerns were raised with
regard to its use in other disorders.’

Positive results of the clinical efficacy of FMT other than
for CDI have involved the treatment ulcerative colitis (UC).”
Randomized controlled trials showed it can induce both
clinical and endoscopic remission in active UC patients.” '
A recent analysis of 18 studies including 446 UC patients
showed efficacy compared to placebos, with a low risk of
heterogeneity. Colonoscopy delivery and the use of unrelated
fecal donor slightly improved the results of FMT treatment.'*
Failure to achieve consistent clinically meaningful findings
has been attributed to technical discrepancies between
methods.'* A trend for positive outcomes in Crohn’s disease
(CD) has been observed in small studies.'>'® In both UC and
CD, microbiota exploration following FMT revealed aug-
mented microbiota diversity and a shift toward the donor
bacterial profile in recipients‘ stools. However, the micro-
biomes were followed for a relatively short time, and there-
fore, the possibility of subsequent adaptation or recurrence of
the “sick” microbiome was not determined. Duration, fre-
quency, route of administration, and donor selection are some
additional variables that have been suggested to determine
the efficacy of FMT.>!7:!8

IBS is thought to be triggered by bacterial, viral, or
parasitic infections. The composition of the microbiome in
IBS varies from that of healthy subjects and is consistent
with dysbiosis in the intestinal microbiome.'® Targeting
the microbiota for treatment of IBS, via the use of FMT,
as well as by nonabsorbable antibiotics, prebiotics, probio-
tics, and synbiotics, was tested in small studies.?’ In some

Table | Factors that impact studies of fecal microbiota transplantation and their clinical efficacy

Host related parameters
Age
Diet

Gender

Body weight

Concomitant disease and medications

Microbiome-related parameters

Being a highly dynamic and constantly changing organ

Rapid adaptation to manipulation

Environmental factors

The response to exposomes: environmental factors that the host interacts with

Household contacts

Testing Software used for analyzing data
Exploring feces vs scraping the bowel wall itself for microbiome analysis
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studies, FMT reversed the dysbiosis to normobiosis and
reduced the clinical signs in 70% of treated subjects. An
association between constipation and intestinal microbiota
disturbance suggested the possibility of targeting the
microbiome in chronic functional constipation using pro-
biotics, prebiotics, synbiotics, or FMT. Microbial treat-
ment was shown to improve clinical symptoms and
promote the recovery of intestinal microbiota.?’ The
majority of studies on this topic looked at the severity
scores as endpoints. Inclusion criteria differed between
the trials, as did the means of FMT administration. The
inconsistency between studies makes reaching conclusive
results difficult.** Moreover, the long-term effects of FMT
on bowel diversity were not analyzed; thus, the possibility
remains of some degree of adaptation and re-dysbiosis.
Numerous studies have proposed a part for the gut
microbiome in the development of autoimmune diseases.
A modification of the microbiome (lower Firmicutes/
Bacteroidetes ratio) was described in patients with sys-
temic lupus erythematosus. Alterations in the intestinal
bacteria and periodontal disease were suggested to con-
tribute to the pathogenesis of asthma, systemic sclerosis,
rheumatoid arthritis, Sjogren’s syndrome, and antipho-
spholipid syndrome.”*-** Dysbiosis was also suggested
to increase vulnerability to sepsis and to its associated
complications. Recovery of the intestinal bacteria was
suggested to be protective.”> Altered microbiota signa-
(CRO)
patients. Adenoma was associated with increased diver-

tures were described in colorectal cancer
sity, while CRC with a decrease. Escherichia coll,

Fusobacterium  nucleatum, and  enterotoxigenic
Bacteroides fragilis are increased in cancerous tissues.
Presenting certain bacterial strains CRC models in mice
supports a possible association. Enterotoxins, genotox-
ins, and virulence factors derived from gut microbiome
were related to bacteria-driven tumorigenesis.®
Overall, the evidence suggests an association of dys-
biosis with systemic diseases, while attempts to manip-
ulate the microbiome are still far from being successful.
Most of the diseases described above are chronic. Re-
dysbiosis and adaptation of the microbiome to change
may explain, at least in part, the lack of long-term
efficacy of FMT. A microbial
Bacteroidetes and  Proteobacteria and
Clostridium clusters IV and XIVa was noted in UC

patients after FMT and was predictive of poor sustained

ecosystem rich in
low in

response. Additionally, sustained response was asso-
ciated with restoration of the butyrate production

capacity.”’” Improved fecal microbiota preparation
reduced the rates of adverse effect, but did not affect

the clinical efficacy in patients with CD."?

A high degree of variability and

randomness in gut microbiome

Data from several studies showed that the microbiome is
characterized by a high degree of variability and randomness.
Genome sequencing was performed on 178 microbiome-
derived genomes. From a total of 547,968 predicted poly-
peptides which match the gene complement of these strains,
unidentified ones were recognized. These unidentified poly-
peptides revealed sequences and that did not match any
nonreference record in the nonredundant subset. The study
yielded a set of 30,867 polypeptides, of which 97% were
distinctive. Analyzing this platform of microbial genomes
showed that 40% of random sequences from the gut bacteria
were related to organisms according to the criteria used.?®
Similarly, the microbiome is needed for the catabolism of
dietary fibers since the human genome does not encode
carbohydrate-active enzymes. Genetic analysis isolated 310
clones that showed activities of galactanase, amylase, hemi-
cellulase, beta-glucanase, or pectinase. Sequencing of non-
redundant metagenomic DNA, matching to 26 clones
effective for raw plant polysaccharides metabolism, identi-
fied 73 carbohydrate-active enzymes from 35 families. These
corresponded to a fivefold target-gene augmentation when
matched with random sequencing of gut metagenome, 33 of
which were homologous to predominant genes found in the
microbiome of 20 subjects for whom metagenomic data are
available.? This leaves a substantial proportion unidentified.
The data suggest that while some random sequences can be
associated with organisms, considerable variability and ran-
domness exist, which are hard to control. This randomness
may be inherent in the microbiome, and is an obstacle that
needs to be overcome when manipulating the gut by FMT.
The relatively low degree of adherence between repeated
tests of the microbiome further supports the existence of
intrinsic variability, which may also explain the high degree
of discrepancies between studies.

Analysis of the T-cell amino acid motif repertoires of
the proteomes of two groups of microbiome-derived bac-
teria showed that 3.2 million of these motifs bind to T-cell
receptors. An overlap in motif usage was documented. The
proteome comprises only three-quarters of the conceivable
motifs, of which 65% are part of the in microbiota pro-
teomes. Immunoglobulin variable regions show a wide
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variety of T-cell exposed motifs (TCEMs). It established
a random sample of motifs that are found in the proteome
from the microbiome, human proteome, and pathogens.
Discrete bacterial species differ in their immunoglobulins
and human proteome matched motifs which they express.
Several bacteria preserve a motif signature with the human
proteome pattern.®® The high rate of variability in motifs
has an impact on attempts at systemic immunomodulation
via manipulation of the microbiome. Moreover, differen-
tiating self from non-self is not individual TCEM depen-
dent. It depends on dynamic signals in which similar
TCEM displays dissimilar roles in different organisms.
The rate by which a specific TCEM exerts its influence
may also differ.*

Shifts in the oral microbiome after the initiation of
antiretroviral therapy in HIV patients contribute to immune
phenomena and inflammatory disease. High variability in
bacterial communities was demonstrated both within parti-
cipants and between time points. At baseline, the number of
taxa and the alpha diversity was variable, but did not differ
significantly based on viral load, CD4, or other features.
After 24 weeks of antiretroviral therapy, patients with low
CD4 counts had higher microbiota diversity. Some var-
iances with periodontal illness were described, manifesting
differences between baseline and post-treatment states.”'
The inter- as well as intrapatient variability further compli-
cates attempts to develop consistent methods for reducing
dysbiosis by means of FMT.

Longitudinal changes in gut

microbiome

Recent data and modeling support a high degree of varia-
bility in the microbiome at any given point of time and also
high variability that transpires over time. Longitudinal stu-
dies of the gut microbiome are identifying the bacteria
associated with clinical consequences or with environmen-
tal parameters. Some intestinal microbiota compositional
data are skewed. Results from repeated measures in these
studies do not always correlate. Most gut bacteria studies
use unrelated samples and are inappropriate for longitudinal
and pedigree studies. Ignoring such correlations may bias
conclusions. A two-part zero-inflated beta regression model
with random impacts determined an association between
microbiota types and clinical manifestation over prolonged
follow-up. A logistic regression model was used for deter-
mining the presence ofcertain bacteria in the samples.
A Dbeta regression model was used for displaying the

nonzero microbiota, where each component includes
a random effect; this accounts for the associations between
recurrent measurements on the same patient. The model
enabled studying the taxa based on longitudinal or recurrent
measures.>> In another study, the correlated sequence kernel
association test was applied to study these relationships
using a linear mixed model. Random effects accounted for
the outcome connections, and a difference component test
tested the impact of the microbiome. This method better
calibrated the null distribution of the score test statistic to
match the relatively minor sample size.® Overall, these
methods highlight the importance of considering both the
variability at any point of time and long-term variability,
withregard to alterations of the microbiome.

External factors impact variability in

the microbiome

Multiple factors contribute to microbiome variability, further
complicating attempts to manipulate it. Prebiotic supplemen-
tation affects gut microbiota structure and function.
A microbiome analysis was undertaken, based on the early
intestinal microbiome information for foreseeing the differ-
ence in Bifidobacterium after prebiotic intake. A short-term
prebiotic intervention decreased the alpha-diversity of the
intestinal microbiome. Fecal sample analysis revealed that
a fructo-oligosaccharide (FOS) intervention reduced the
alpha diversity of the microbiome, which rebounded on day
9. Treatment with galacto-oligosaccharides (GOS) decreased
intestinal alpha diversity during treatment. Neither FOS nor
GOS altered beta diversity of gut microbiota.** Diets can also
alter the microbiome. Choline intake affects the level of
trimethylamine N-oxide (TMAO) breakdown by the micro-
biome in humans. Beta diversity of the gut microbiota was
found to differ between humans with increased and
decreased plasma TMAO levels following a choline
challenge.*® Microbial communities and metabolome vary
significantly between dogs fed a Bones and Raw Food
(BARF) diet and commercially fed dogs. The BARF group
was fed higher quantities of protein and fat and lower
amounts of nitrogen-free extract and fiber. Linear discrimi-
nant analysis effect size displayed higher abundances of
Fusobacterium, Clostridium, Lactobacillales, and
Enterobacteriaceae in the BARF group, while conservatively
fed dogs showed an increase of Ruminococcaceae,
Clostridiaceae, Erysipelotrichaceae, and Lachnospiraceae.
Random forest analysis showed increased 4-aminobutyric
acid and 4-hydroxybutryric acid in the BARF group.*
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Background diseases can alter the microbiome. In the shift
from cirrhosis to early hepatocellular carcinoma, fecal micro-
bial diversity was found to increase; increases were particularly
observed in Gemmiger formicilis, Parabacteroides, and
Phylum Actinobacteria, and in genera producing-
lipopolysaccharide. In parallel, butyrate-producing genera
were found to decrease.>” A shift in intestinal microbiome in
response to infection of white spot syndrome virus (WSSV)
was shown at 6 and 48 hrs postinfection. Four phyla
(Bacteroidetes, Firmicutes, Tenericutes, and Proteobacteria)
were abundant in the intestine of E. sinensis, irrespective of
the stage of the WSSV infection. Further analysis revealed
significant differences in abundances of over 12 bacterial
phyla, 44 orders, and 68 families at numerous states of the
infection. The data suggest that variations in intestine micro-
biota are associated with the degree of severity of WSSV
infection.*®

Ecological principles affect animal-associated micro-
biota. The relevance of selection and random processes
in the generation of gut bacteria was studied. Intestinal
bacterial composition was related to the host phylogeny
and diet. The amount of bacterial lineages per intestine
sample correlated with animal mass, such that larger ani-
mals have bigger numbers of anaerobes.”® Studies of
membrane biofilm groups in membrane bioreactors
described the mature biofilm communities. A recent
study investigated whether the assembly of biofilm com-
munities comes from random immigration of species from
the source community. Alpha and beta diversity was
shown to differ in microbiome community structure
between samples of activated sludge (AS) and samples
of early and mature biofilm in the membrane bioreactors.
The changes were due to the occurrence of higher numbers
of rare operational taxonomic units (OTUs). Although
there was a large portion of shared sequence between AS
and biofilm samples, simulated biofilm communities
obtained from random sampling of the respective AS
community discovered that biofilm communities varied
from the random assemblies.** While these data indicate
that the biofilm communities do not fully signify a random
sample of the AS community, some degree of variability is
apparent, which is determined by environmental factors.*
Blastocystis subtypes were derived from shotgun metage-
nomics and implemented to 12 datasets, comprising 1,689
humans of various geographic sources, disease status, and
lifestyle. A nonrandom and ST-specific distribution was
shown, along with an ability to cause persistent coloniza-
tion. Lack of correlation with any of the diseases

considered implied that Blastocystis is part of a healthy
intestinal microbiota. The profiles of 43 Blastocystis gen-
omes demonstrated increased intrasubtype variability of
STI and ST2 than with ST3 and ST4.*' The high rate of
mutagenesis further supports a high degree of variability,
which results from environmental changes.

Exercise also affects diversity. Microbiome variability
and alterations in inflammatory indicators related to exer-
cise were determined in mice that performed voluntary
exercise or moderate forced exercise. Intestinal gut micro-
OTUs in
A multivariate analysis of beta diversity via Adonis testing

biota profiling compared the samples.
did not recognize major changes in patterns compared to
sedentary control mice. A random forest machine learning
model which accounts for relationships between bacteria
in a community, categorized voluntary exercisers, and
non-exercisers, with 97% accuracy. The common bacteria
the model used were known taxa (S24-7, Bacteroides, and
Lactobacillus) and novel taxa (Lachnospiraceae and
Rikenellaceae) that were associated with exercise.**
Taken together, these data support multiple external
factors, as well as inherent variability, as determinants of

the degree of diversity and dysbiosis of the microbiome.

Gut microbiome is a vital part of the
gut-brain network, which further
determines a high degree of

variability in the microbiome

The microbiome develops synchronously with the brain.
Evidence shows that the microbiome may affect normal
mental processes and may trigger several mental and neu-
rological diseases. The microbiota was suggested as
a potential therapeutic target.*> Dysbiosis and changes in
bacteria-derived metabolites were described in Parkinson’s
disease. Some of these metabolites are associated with
intestine inflammation and neuroinflammation.** Autism
spectrum disorder is associated with dysbiosis and with
a reciprocal interaction network between the microbiome,
gut, and brain.*> The neonate is exposed to the maternal
vaginal microbiome, which is a basis for normal intestine
colonization and contributes to immune maturation. These
host—microbiome connections occur during neurodevelop-
ment, thus supporting the hypothesis of early crosstalk
between the developing intestine and brain. Alterations in
the vaginal microbiome may induce changes in offspring
intestine microbiome and also in the brain. Vaginal immu-
nity and the richness of Lactobacillus, the abundant taxa in
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the vagina, are associated with the maternal stress-altered
proteins. A decrease of the vaginal Lactobacillus is asso-
ciated with reduction its transmission to the offspring.
Alterations in the structure of the microbiome in the neo-
nate gut resembled the change patterns of metabolism
which play a role in energy balance, and in disruptions
of amino acid profiles in the developing brain.*® A case of
FMT in the case of CD which led to amelioration of
epilepsy was described.*’ These data suggest that bidirec-
tional interactions of the brain—microbiome may be rele-
vant to the re-dysbiosis process that may occur following
therapies.

The models used may affect the

results of microbiome testing
While the inherent variability in the microbiome is affected
by multiple factors, the specific models used also affect
results. Studies suggested incomplete support for the hypoth-
esis that changes in the microbiota are related to obesity.**
A recent analysis of 10 studies demonstrated associations of
alpha diversity metrics with the hazard of obesity for only
a limited number of parameters. When the data were pooled
using a random-effects model, correlations were noted for
Shannon diversity, number of OTUs, Shannon evenness, and
obesity. Associations were not detected for the ratio of
Bacteroidetes and Firmicutes, or their distinct abundances.
A power analysis confirmed a single study had sufficient
power to detect a 5% change in diversity. Random forest
machine learning models showed that the median accuracy
varied between 33% and 64%. Although some support was
demonstrated for an association between the human micro-
biome and obesity status, this correlation was weak and was
confounded by high interpersonal dissimilarity and relatively
small sample sizes.*®

Next-generation sequencing characterizes microbial com-
munity composition. The microbiome taxonomic profile was
studied using shotgun analysis of random DNA fragments or
via using 16S ribosomal RNA gene (rDNA) amplicon
sequencing. The 16S sequencing approach resulted in quan-
titatively and qualitatively dissimilar results than those of the
shotgun-derived data. The shotgun sequencing metage-
nomics enabled better representation of microbiome com-
plexity and identified a greater number of species for an
individual sample than 16S rDNA amplicon sequencing.*’
Similarly, high-throughput sequencing technology is used for
determining bacterial counts and the composition of taxa at
different taxonomic levels of the microbiome. The correlation

of specific taxon with phenotypes has been assessed using
a linear mixed-effect model. This modeling integrates phylo-
genetic  information among bacterial communities.
Alternatively, models that consider all taxa attain assortment
via the penalization method, which disregards phylogenetic
data.

showed that for individual taxon. A kernel matrix was

A regression analysis using taxa at diverse levels,

designed based on distance measures in the phylogenetic
tree which functions as a variance component in the model.
Taxonomic selection is then attained using the lasso (least
absolute shrinkage and selection operator) penalty on var-
iance components. This method showed better performance
in a long-term gut microbiota study of HIV-infected
patients.>® Metagenomic sequencing data are affected by the
diverse total sequence delivered across samples, by overdis-
persion and zero inflation, and by the collection of samples
with hierarchical structures. All these generate correlations
among the samples, thus complicating the examination.
A negative binomial mixed model was proposed for deter-
mining the relationship between the gut microbiota and host
clinical parameters. This mixed-effects model accounted for
correlations between the samples by integrating random
effects into the fixed-effects negative binomial model and
was able to deal with the overdispersion and variance in
total reads.’! Collection, storage, DNA extraction, and next-
generation sequencing technologies impact the results.>
These examples show that the models being used may affect
microbiome analysis.

Overcoming microbiome variability

by introducing more randomness

The microbiome is a highly dynamic organ with its own
individually tailored order. The high degree of variability in
microbiome diversity and composition appears to be due to
a combination of inherent randomness and multiple factors
that affect the gut bacteria. Many of these factors are hard to
control. Attempts to change the microbiome are challenged
by the induction of an “artificial order” into a highly variable
system. This may lead to a phase of adaptation and re-
dysbiosis. In clinical practice, the effect of microbiome
manipulation may subside. An attempt to “reorder the dis-
order via induction of a “continuous order” by probiotics,
antibiotics, synbiotics, or FMT may be unsuccessful due to
the lack of consideration of the ongoing adaptation toward
the therapy, the personalized dynamic determined by host
and external parameters, and the inherent variability of the
microbiome. Improving FMT by selective microbiota
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transplantation and by using newer strategies and methodol-
ogies was suggested.>>>*

Randomness was suggested to be inherent in various
biological systems>> and was proposed as a means of
improving the efficacy of therapies.”®>’ The problem of
inducing an “artificial order” into an inherent disordered
system may be overcome by redisordering. This may enable
resolving adaptation and tolerance to therapies such as FMTs
and lead to better long-term responses. Randomness can be
achieved by altering the type of bacteria used, employing
multiple or alternating donors, and by interchanging between
different manipulations of the gut microbiome.

In summary, the microbiome is likely to become a target
for therapy of systemic diseases. The inherent variability of
the microbiome, and the multiple host- and environment-
derived factors that affect dysbiosis, should be addressed by
improving the methods implemented. Elucidating the inher-
ent microbiome variability may enable the design of random-
ness-based gut manipulations that can overcome adaptation
to therapy and the re-dysbiosis phenomenon, thus enabling
improved long-term effects of these treatments.
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