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Abstract

Dysbiosis, an imbalance in microbial communities, is linked with disease when this imbalance
disturbs microbiota functions essential for maintaining health or introduces processes that promote
disease. Dysbiosis in disease is predicted when microbiota differ compositionally from a healthy
control population, but only truly defined when these differences are mechanistically related to
adverse phenotypes. For the human gut microbiota, dysbiosis varies across diseases. One common
manifestation is replacement of the complex community of anaerobes typical of the healthy adult
gut microbiome with a community of lower overall microbial diversity and increased facultative
anaerobes. Here we review diseases in which low-diversity dysbiosis has been observed and
mechanistically linked with disease, with a particular focus on liver disease, inflammatory bowel
disease, and Clostridium difficile infection.

Introduction:

The bacterial community of the human distal intestine is one of the richest microbial
environments on earth, consisting of >102 cells and hundreds of species [1]. The healthy
adult gut microbiota is typically dominated by anaerobic members of the Firmicutes and
Bacteroidetes phyla and is known to provide key functions for maintaining health, including
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production of metabolites that promote immune homeostasis and competitive exclusion of
pathogens [2]. This complex community establishes during the first two to three years of life
through a process similar to ecological succession [2], in which the community follows a
path from sterility through a systematic series of turnover of early successional “pioneer”
species before reaching a relatively stable complex community that is dominated by
anaerobes (Fig. 1). Remarkably, this path is very conserved in diverse geographic and
socioeconomic settings [3]. In the perinatal period, facultative anaerobes such as
Proteobacteria, Lactobacilli and Enterococcus species colonize as well as particular
anaerobes such as Bifidobacteria. With the introduction of solid foods, dramatic shifts occur
with expansion of strict anaerobes such as the Clostridiales and Bacteroidales (Table 1) [4].

Dysbiosis, or imbalance of the microbiome, may have diverse compositional and functional
attributes in different disease contexts [5]. In many different diseases, however, the dysbiotic
gut microbiome has been described to have a reduction in the proportion of anaerobes that
are typically abundant in health and an increased proportion of facultative anaerobes,
including Proteobacteria and Bacilli. Such low-diversity, disease-associated microbiomes
can resemble the gut microbiome of infants (younger than ~2 years of age) compositionally
[2,6,7]. While it may be surprising that the gut microbiome of a very sick adult would
resemble that of a perfectly healthy infant, this observation may be explained by the concept
of “secondary succession” where a dramatic disturbance that wipes out a complex
community (such as a forest fire) results in the observation of similar early succession, or
“pioneer” species [2,6]. A low diversity, facultative anaerobe-dominated community
observed in the adult gut thus may be considered a bioindicator of disturbance with age-
dependent implications for health. Low-diversity microbiota, with increases in proportions
of facultative anaerobes, have been observed with acute diarrheal disease [8], Inflammatory
Bowel Disease (IBD) [7], C. difficile infection (CDI) [9], liver disease [10,11], and in cancer
patients [12]. In cancer patients who undergo allogeneic stem cell transplantation, this
“infant-like” microbiome was associated with all-cause mortality following stem cell
transplant [12]. Since this particular type of dysbiosis may be common in many disease
settings, research into drivers, functional consequences, and therapeutic strategies of
recovery may have particularly far reaching implications. Dysbiosis can potentially take
many different forms, therefore we use the term “low-diversity dysbiosis” to specifically
refer to a microbiome characterized by low diversity and increased proportions of facultative
anaerobes (Table 1).

Drivers of Low-diversity Dysbiosis:

Low-diversity dysbiosis may be driven by many factors that differ by disease context. One
known contributor to low-diversity dysbiosis is broad-spectrum antibiotics. Individuals with
recurrent CDI (rCDI) often have microbiome states consistent with low-diversity dysbiosis
[9] and CDI is strongly associated with antibiotic exposure [13]. Epidemiologic studies have
identified clindamycin, cephalosporins, and fluoroquinolones as significant risk factors for
CDI [14]. However, CDI is also more common in certain populations, including the elderly,
individuals with IBD [15], with liver disease [16] and with blood cancers [17]. Thus, the
factors that predispose an individual to low-diversity dysbiosis and associated opportunistic
infections are varied.
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One factor that may also lead to dysbiosis in disease contexts is host genetics, such as in the
case of IBD. IBD is characterized by chronic, relapsing inflammation with an unknown
etiology and is currently separated into ulcerative colitis (UC) and Crohn’s disease (CD)
[18]. Individuals with IBD can have microbial compositions characteristic of low-diversity
dysbiosis [18,19]. However, the dyshiosis observed with IBD can be more complex: for
instance, one study showed low-diversity dysbiosis to be commonly observed in ileal CD but
not colonic CD or UC [7,20]. Drivers of dysbiosis in the context of IBD are not known, but
studies have illustrated a genetic component as one factor. 20-50% of monozygotic twins
are concordant for CD versus 10% concordance in dizygotic twins [21] and more than 200
susceptibility loci have been identified as associated with either UC or CD. Many of these
loci are implicated in other immune-related diseases and are linked with innate immunity,
epithelial barrier function, and microbial recognition [22,23]. For example, NOD2 is
involved in peptidoglycan recognition and variations in the gene are linked to increased risk
of CD [24].

Cross-talk between the gut and other organs may also drive the development of low-diversity
dysbiosis (Fig. 2). Liver cirrhosis is characterized by compositional features typical of low-
diversity dysbiosis; namely a reduction in anaerobic bacterial families that typically
dominate the healthy gut with corresponding increases in facultative anaerobes (Table 1)
[10,11,25]. One factor that may drive gut microbiota shifts in low-diversity dysbiosis is
alteration of the quantity of bile salts excreted into the gut [26]. Animal models of both non-
alcoholic fatty liver disease (NAFLD) and alcoholic liver disease (ALD) have demonstrated
the central role of dysbiosis as a driver of hepatic inflammation and the ability to transfer
disease susceptibility via fecal microbial transplantation (FMT) from diseased mice into
non-diseased mice [27-29]. These findings parallel extensive human data demonstrating
dysbiosis as not only a biomarker for progression of liver disease, but also as an independent
predictor of disease severity and clinical outcomes in patients with cirrhosis [11,25,30].

Functional Consequences of Dysbiosis:

With the establishment of low-diversity dysbiosis there are changes to the bacterial
metabolic flux and direct interactions with the host immune system. Many anaerobes of the
healthy gut ferment complex sugars to short chain fatty acids (SCFAs), including many
species in Lachnospiraceae and Ruminococcaceae such as Faecalibacterium prausnitzii.
These are among the groups whose relative abundance markedly decrease in low-diversity
dysbiosis (Table 1). The SCFA butyrate has been shown to have both local and systemic
anti-inflammatory effects and thus its loss may mediate immune phenotypes in disease [31].
For instance, liver cirrhosis results in the disproportionate loss of butyrate producing species,
representing a possible mechanism by which low-diversity dysbiosis leads to hepatic
inflammation [10,32]. Consistent with this hypothesis, butyrate administration has been
shown to ameliorate innate immune activation in liver injury models [33].

Butyrate is also a primary calorie source for the colonic epithelium [34] and its consumption
has been shown to be crucial for maintaining hypoxia in the lumen of the colon [35], thereby
limiting colonization of pathogenic facultative anaerobes such as Sa/monella enterica [36].
Taken together, this suggests that loss of butyrate producers plays a role in a compositional
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shift towards facultative anaerobes that occurs in low-diversity dysbiosis. Although butyrate-
producers tend to be late colonizers of the gut, we have previously shown that certain
butyrate-producing Clostridia, namely Clostridium symbiosum and Anaerostipes caccae,
show ‘early successional’ distribution and also select for genes in their genomes for
tolerance of oxidative stress [6]. These early colonizers of the gut that produce butyrate have
the potential to be “ecosystem drivers”, because by depleting oxygen they may make the
environment more favorable to the strict anaerobes that dominate the healthy adult gut (Fig.
1).

With an increase in luminal oxygen and the associated proportional increase in facultative
anaerobes, the production of certain metabolites negatively associated with health may
increase. For instance, the ¢ntA gene, which is in the pathway that converts dietary carnitine
to the atherogenic compound trimethylamine, has been linked with microbiomes rich in
Gamma Proteobacteria, in particular Escherichia coli[37,38]. Endogenous alcohol
production by intestinal facultative anaerobes has also been suggested as a contributor to
non-alcoholic steatohepatitis [39]. Conversely, with a selection against anaerobes, other
important metabolites for maintaining health that are produced through anaerobic
metabolism may also be lost. One such example is secondary bile acids and CDI. /n vitro
work has shown that the primary bile salt taurocholate is a germination agent for C. difficile
spores while secondary bile acids arrest the growth of vegetative C. difficile [40]. The
secondary bile acids are believed to be mainly produced by a small number of Gram-positive
anaerobes, notably Clostridium scindens [41], which are depleted during antibiotic
treatment. A role for secondary bile acid metabolism in CDI treatment is suggested as C.
scindens was shown to be protective in a mouse model of CDI [42] and clinical data from
FMT trials support a central role for normalization of bacterial bile acid metabolism in
resolution of rCDI [43]. Additionally, patients with first-time CDI showed an intermediate
bile acid composition compared to patients with rCDI and healthy controls, suggesting fecal
bile acid analysis may have a role in future diagnostics [44].

Correction of Dysbiosis:

Correction of low-diversity dysbiosis can be achieved by interventions as simple as
supportive care, in the case of acute diarrheal disease, or as complex as liver transplantation.
FMT from healthy donors into patients with rCDI, was first performed in the 1950’s to treat
severe pseudomembranous colitis [44]. Over the past two decades FMT has been
increasingly viewed as an effective treatment with clinical trials showing efficacy of >90%
[45,46] and durability of treatment lasting years [47].

Microbiome analysis of patients undergoing FMT for rCDI has revealed low-diversity
dysbiosis prior to FMT and marked restoration after FMT. As described above, the
microbiome prior to FMT shows low-diversity dysbiosis as described in Table 1 [9,45].
These studies uniformly show marked shifts in composition from the pre-FMT state towards
a healthy composition of anaerobes (Table 1).

With the incidence of IBD increasing worldwide much attention is directed toward FMT
[48-50]. A meta-analysis of randomized control trials showed 49% of UC patients had a
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clinical response and 28% of patients went into clinical remission after FMT [50]. Response
rates may be influenced by factors such as time since UC diagnosis, with one study showing
higher response rates in recently diagnosed patients. Also, one study indicated high UC
remission rates with stool from one particular donor, indicating that specific microbiome
configurations in donor stools may be most efficacious [51]. This result is in contrast to the
results of FMT in rCDI, where success rates are high regardless of donor stool. Identifying
the microbes specific to donor stools with high remission rates would inform more targeted
therapeutic strategies for UC. These promising results support the 30+ clinical trials
currently underway, but other studies show possible adverse effects including disease flares
and severe infections [52] underscoring the need for continued study of both efficacy and
safety [48,49].

Liver transplantation, currently the only definitive therapy for patients with decompensated
cirrhosis, provides a unique clinical model of microbial recovery following low-diversity
dysbiosis. Because early innate immune activation impacts subsequent adaptive immunity in
the allograft, the gut-liver axis represents an attractive target for intervention [53].
Observational data has demonstrated partial recovery of dysbiosis following liver transplant
[54-56]. Furthermore, persistence of dyshiosis has been associated with post-transplant
infectious complications and acute cellular rejection [54]. These observations are further
supported by animal models demonstrating microbial signatures associated with acute
cellular rejection (V Faecalibacterium) and modulation of microbial metabolites (i.e. SCFASs)
to ameliorate liver injury post-transplant [33,57]. Taken together, these data support the
emerging role for targeted, microbial-based therapeutics to facilitate recovery of dysbiosis in
liver transplant recipients.

Conclusion:

We describe how dyshbiosis in different disease systems can have a common manifestation of
low diversity coupled with a proportional increase in facultative anaerobes and decrease in
the typical anaerobes that dominate the adult healthy gut. We would like to emphasize that
diversity or richness of the adult gut microbiome alone may be a poor marker of dysbiosis as
it also may be driven by other factors such as transit time [58]. Also, as we have noted,
dysbiosis can come in many forms, some of which have no change in or even increased
diversity [58].

Loss of health-associated strict anaerobes may occur for different reasons in different
diseases ranging from use of broad spectrum antibiotics, break-down in host-microbe
interactions as facilitated by host genetics or other factors, or liver malfunction. New
research has shown that butyrate plays a key role in maintaining hypoxia in the gut,
suggesting that a loss of butyrate producers for any of the above reasons could result in a
shared phenotype in which luminal oxygen increases and facultative anaerobes come to
dominate. This results in a greatly altered metabolic environment that may favor increased
production of detrimental metabolites such as TMA and alcohol and reduced production of
metabolites that maintain health such as SCFAs and bile acid metabolites. Although a shared
low-diversity dyshiosis phenotype in diverse diseases may suggest shared strategies for
recovery, it is also important to consider that the driving factors of low-diversity dysbiosis
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vary and may be more persistent for some diseases than for others. As an example, FMT
may be more effective for treatment of rCDI than IBD because the main driving factor of
rCDI (antibiotics) is no longer present. In contrast, host genetic attributes that pre-dispose an
individual to IBD do not change over time. Thus, efforts to correct low-diversity dysbiosis
must consider both commonalities and unique attributes of the diseases in which it is
observed.
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Highlights:
. Drivers of low-diversity dysbiosis include antibiotics, host genetics,
physiology
. Dysbiosis results in shifts in microbial composition and function
. Restoration of eubiosis is an emerging treatment in CDI, IBD, and liver
disease

Curr Opin Microbiol. Author manuscript; available in PMC 2019 March 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kriss et al.

Page 11

102 o % .
- T Facultative
anaerobes

BUutyrate

(<]
102 ©

Diet 9

W %;.T-‘\.-i >

Cooperative
" metabolism

Host

Figure 1. Recovery from disturbance through secondary succession:

An insult (e.g. antibiotics) raises intraluminal oxygen concentrations leading to a bloom of
facultative anaerobes. One factor in recovery may be oxygen-tolerant anaerobes that are able
to colonize and reestablish butyrate production. Colonocyte metabolism of butyrate depletes
luminal oxygen allowing for further colonization by anaerobes. Interdependent metabolic
networks of the anaerobes are restarted and the mature, complex climax community of the

healthy adult gut is reached.
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Figure 2. Gut-liver axis.
Low-diversity dysbiosis is a significant contributor to the development and progression of

chronic liver disease. Drivers of low-diversity dysbiosis include both environmental (diet,
alcohol, antibiotics) and genetic determinants. Low-diversity dysbiosis is characterized by
relative increases in facultative anaerobes, possibly due to loss of intraluminal hypoxia
leading to changes not only in microbiota composition but also function. Carnitine is
metabolized by facultative anaerobic bacteria and as this population expands, production of
hepatotoxic trimethylamine (TMA) increases. Ethanol, both as a fermentation product of
cellulosic substrates and as a fermentation substrate leading to acetaldehyde, disrupts
intestinal tight junctions and is a mediator of both mucosal and hepatic inflammation.
Reciprocal loss of butyrate-producing bacteria leads to reduction in butyrate formation,
further compromising colonocytes and promoting bacterial translocation. Collectively, these
functional changes lead to increases in bacterial load in the portal vein and delivery of
inflammatory mediators (TMA, LPS, ethanol) to the liver with reduction in anti-
inflammatory metabolites (SCFA). Within the liver, this leads to increased oxidative stress,
marked inflammation, and fibrogenesis. As liver disease progresses, there is impaired
hepatic synthesis of both primary and secondary bile acids, further driving low-diversity
dysbiosis. Therapeutic interventions aimed to facilitate microbiome recovery include
probiotics and FMT. Liver transplantation also leads to microbiome recovery and is a novel
clinical model to assess the kinetics of recovery of low-diversity dyshiosis and its functional
consequences. (TMA = trimethylamine; LPS = lipopolysaccharide; FMT = fecal microbial
transplant)
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Bacterial families that dominate the adult human gut in health and during low-diversity dysbiosis.

Table 1:

Healthy Low-diversity dysbiosis
Firmicutes Firmicutes
Clostridia Bacilli
Clostridiales Lactobacillales

Lachnospiraceae (Clostridia X1Va)
Ruminococcaceae (Clostridia IV)

Lactobacillaceae
Streptococcaceae
Enterococcaceae

Bacteroidetes
Bacteroidia
Bacteroidales
Bacteroidaceae
Prevotellaceae

Proteobacteria
Gammaproteobacteria
Enterobacteriales
Enterobacteraceae
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