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INTRODUCTION

The human microbiome has been a topic of interest for both research and clinical applications
in recent decades. However, the considerable gut microbial variation observed across human
populations poses a challenge in terms of targeted interventions. Diet (1), exercise (2), age (3),
ancestry (4), and geographic latitude (5) all influence the composition of the gut microbiome. The
individualized nature of microbiome compositions makes responses to modulatory interventions,
including probiotics, prebiotics, and fecal microbiota transplantation, subject-specific (6).

MICROBIOME VARIABILITY AND HOST CHARACTERISTICS

Host Characteristics Influence Individual Variation in Gut

Microbiota Composition
Host features govern the types of niches available for occupation such that only microbes adapted
to host ecological conditions can successfully colonize. For this reason, autochthonous strains are
more likely to possess the traits necessary to successfully persist in gut ecosystems, accounting for
the failure of most allochthonous probiotic strains to colonize. Genes that encode for traits such as
mucosal adherence and acid resistance can confer greater ecological fitness in a host environment
(6). Habitat filters are influenced by various factors, including a host’s genetics, metabolism,
diet, and environment, and select for microbes with common traits, leading to phylogenetic
underdispersion. Out of the hundreds of phyla encountered in terrestrial and aquatic ecosystems,
the human gut is dominated by only five, illustrating the impact of selection through habitat
filters (7). Certain gene polymorphisms can differentially impact intestinal microbiota composition
through provision of adhesion sites and growth substrates such as secreted glycans (6).

The FUT2 gene encodes for fucosyltransferase, which is responsible for the synthesis of the
H antigen that serves as the precursor to the ABH histo-blood group antigens in mucus and
other bodily secretions. Individuals that are homozygous for any non-functional FUT2 allele are
known as non-secretors and will not present ABH antigens on epithelial cell surfaces whereas
individuals carrying at least one functional FUT2 allele will express ABH antigens on intestinal
mucosal surfaces (8). Secretor status determines the expression of fucosylated glycan epitopes in
the human intestine, and the FUT2 non-secretor phenotype has been linked to alterations in the
gut microbiome in the form of reduced bifidobacterial diversity, richness, and abundance (9).
However, large-scale studies have not been able to replicate these reports (10, 11). Collecting
and analyzing additional metadata on diet and lifestyle habits may help resolve some of the
discrepancies observed between different studies. A murine study, for example, showed that FUT2
secretor status-associated changes in intestinal microbiota composition are diet-dependent (12).
Citizen science initiatives, such as the American Gut Project, can help evaluate the effects of
interactions among host genetics, diet, and environment on microbiome composition on larger
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scales. Analyzing patient sequencing data along with self-
reported metadata may also help elucidate possible associations
between the non-secretor phenotype and increased risk of certain
diseases, including Crohn’s disease, type 1 diabetes, vaginal
candidiasis, and urinary tract infections (13).

Efficacy of Microbiome Modulatory

Interventions Depend on Baseline Host

Characteristics
An individual’s baseline microbiota composition determines the
types of dietary fibers that may be fermented to produce short-
chain fatty acids (SCFAs) such as butyrate. The microbiomes
of some individuals may be capable of fermenting pectin to
produce SCFAs while the microbiomes of others may require
inulin to achieve the same effect (14). The inherent heterogeneity
among the gut microbiota of healthy humans differentially
affects functional degradation of fibers and the SCFAs produced
in response (15). Dietary fiber may also improve glucose
homeostasis in a subset of patients through colonic production
of SCFAs; acetate and butyrate have been shown to stimulate
production of glucagon-like peptide-1 (GLP-1) and peptide
YY (PYY), which in turn stimulate insulin secretion. A study
examining dietary fiber interventions in type 2 diabetes patients
found that the microbiomes of positive responders possessed
more genes for plant fiber utilization while the microbiomes of
negative responders were more enriched in genes for utilization
of animal carbohydrates derived from mucin (16). Data on
a patient’s microbiome composition may therefore be able
to inform personalized dietary intervention strategies targeted
toward increased SCFA production in order to ameliorate
disease phenotypes.

Before targeting colonic SCFA production, it may be judicious
to first evaluate a patient’s immune system activity in order
to prevent potential adverse effects. A study conducted by a
research group from the Massachusetts Institute of Technology
used microphysiological systems to demonstrate that SCFAs can
either ameliorate or exacerbate ulcerative colitis disease severity
depending on the activation state of CD4T cells. In the setting
of T cell-mediated acute inflammation, SCFAs led to further gut
barrier disruption and hepatobiliary damage (17). Observations
from a randomized controlled trial (RCT) on the use of fecal
microbiota transplantation (FMT) in ulcerative colitis patients
further elucidate the interface between immune system activation
and host response to the resident gut microbiota, as individuals
on immunosuppressive therapy were more likely to benefit from
FMT compared to patients who were not on immunosuppressive
therapy (46 vs. 15%) (18). Thus, immune-modulating strategies
may theoretically help facilitate successful strain engraftment.

Individualized Microbiome Features

Govern Strain Engraftment Efficacy
Exogenous species are more likely to successfully engraft through
FMT when related species are already present (19). In light
of this knowledge, reducing recipient microbial load with
antibiotics may hinder successful engraftment of the donor

microbiota (20). A study evaluating the effects of Rifaximin pre-
treatment compared to FMT alone for the treatment of ulcerative
colitis reported no significant difference between groups in
terms of disease activity (21). Changes to gut microbiota
composition caused by colonic lavage or laxative use may also
have unintended effects on FMT efficacy (22). While Li et al.
reported that new strains transfer more easily than new species,
Stecher et al. similarly described a “like will to like” principle,
suggesting that successful colonization of both pathogenic and
commensal strains is dictated by prior establishment of related
species (23). A research group from the University of Milan
observed a significant increase in Proteobacteria abundance and
a significant decrease in Firmicutes abundance at the phylum
level immediately after colon cleansing (24). Considering the
implication of high Proteobacteria abundance in various human
diseases (25) and its possible utility as a marker for dysbiosis (26),
bowel preparation procedures prior to fecal transplantation may
negatively impact FMT efficacy by preferentially facilitating the
engraftment of potential pathobionts, but this possibility would
warrant further research.

While conspecific strains exhibit greater colonization success
than new species (19), ecology theory conversely predicts
that competition among phylogenetically related strains will
be greater as a result of trait similarity and niche overlap.
Consequently, the presence of certain strains at baseline may
prevent the colonization of other strains within the same
species due to competitive exclusion, or phylogenetic limiting.
A study examining strain engraftment in the human gut found
that B. longum subsp. longum AH1206 was more likely to
successfully engraft in hosts who did not already harbor native B.
longum strains, suggesting niche availability as a limiting factor
for persistence. However, while baseline B. longum abundance
generally inversely correlated with AH1206 persistence, this
pattern did not hold true for all subjects. Since traits that
define niches are not always phylogenetically conserved within
species, researchers also evaluated metagenomic data in order
to assess differences in functional microbiome composition
between persisters and non-persisters. Specifically, AH1206 was
able to engraft in a subset of subjects whose microbiome
lacked certain carbohydrate utilization genes characteristic of B.
longum strains (27). In regards to niche availability, functional
gene distinctions may be more predictive of exclusion effects
than phylogenetic considerations under certain environmental
conditions, as horizontal gene transfer can facilitate the
emergence of functionally similar bacteria in phylogenetically
distinct taxa (28). The factors that determine whether habitat
filtering or competitive exclusion takes precedence will likely
include contextual and taxonomic considerations (6).

Considerations of Host-Microbe

Coevolution May Enhance Efficacy of FMT
Whereas sharing a joint evolutionary history is a characteristic
of autochthony (6), colonization of strains that did not evolve
with a given host may result in hologenomic disequilibrium and
cause negative health effects in the form of certain increased
disease risks. For example, the presence of a specific strain of
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Helicobacter pylori in a host that did not coevolve with that
microorganism was associated with an increased risk of gastric
cancer (29). Additionally, the equilibrium of hunter-gatherer
microbiota may be disrupted after exposure to aWestern diet and
switch to a state of dysbiosis. Thus, classifications of “commensal”
and “pathogenic” may be relative and dependent on evolutionary
history among other considerations, underlying the importance
of stratifying stool donors by ethnogeographic and social factors
(30). Furthermore, most metagenomic studies sample both study
and control groups from the same population, which is exposed
to similar environmental conditions common to urban lifestyles
in developed countries, suggesting that many “healthy” subjects
may simply be in a prodromal period. For these reasons, FMT
donor screening on the basis of pathogen testing alone may be
insufficient to prevent potential adverse outcomes in recipients,
and more rigorous screening may include clinical laboratory data
as well as metagenomic analyses.

Clinical Outcomes in Response to FMT

May Be Donor-Dependent
Microbial communities that exhibit greater phylogenetic
diversity and evenness are considered more resilient to invasion.
As a result, fecal microbiota transplantation results in a
higher degree of engraftment in patients exhibiting severe
microbiome perturbation, such as that encountered in the
setting of active C. difficile infection, compared to patients
with metabolic syndrome (19). High levels of genetic diversity
in an incoming community increase the chance of successful
invasions, as some organisms will likely possess the adaptations
necessary to thrive. In particular, high microbial richness
has been shown to be one of the most important factors in
determining FMT outcome (31). While most literature on
FMT has focused on bacteria as the therapeutically active
agent, recent research suggests that phages may play a more
significant role in disease resolution than previously realized.
Donor-derived phages may target indigenous species of the
host microbiome, expanding niche availability for incoming
microbes. Zuo et al. reported that treatment response to FMTwas
associated with bacteriophage transfer involving Caudovirales
taxa (32).

Based on the condition being treated, donors with certain
microbiota profiles may be more effective than others. For
example, fecal microbiota enriched with Bifidobacterium has
been shown to be a positive predictor for the efficacy of FMT
in IBS patients. Donor material rich in Bifidobacterium may
stimulate the growth and expansion of undetectable strains in
recipient microbiota to match the level of diversity observed
in donor microbiota (33). In this manner, the efficacy of FMT
likely depends upon stimulation of recipient microbiota by
donor material rather than literal “transplantation” of donor
microbiota. Similarly, an RCT examining the effects of FMT
in patients with ulcerative colitis found that remission among
responders was associated with increases in bacterial abundances
of Clostridium clusters IV and XIVa (34). Another RCT involving
UC patients found that FMT treatment success in response
to one particular donor, donor B, was 39% vs. 10% for other
donors, providing further evidence that clinical outcomes may
be donor-dependent. The two most commonly used donors
in the study, donor A and donor B, displayed significant
differences in taxonomic composition, including enrichment
in the family Lachnospiraceae and the genus Ruminococcus in
donor B and enrichment in the order Clostridiales and the
genera Escherichia and Streptococcus in donor A (18). The donor-
dependent nature of FMT efficacy may help explain the disparity
in clinical results observed among different studies conducted on
a specific condition.

CONCLUSION

Given the considerable amount of variation observed in human
populations, bridging the gap between microbiome research and
clinical applications may allow for more targeted, personalized
recommendations based on diet, ancestry, geography, and
physiology as well as microbial phylogenetic, metagenomic, and
metabolic considerations.
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