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Abstract
The gut microbiome consists of a complex amalgamation of diverse bacterial species in the
human gastrointestinal (GI) tract. Proliferation and normobiosis of bacteria are dependent on the
nutrient intake supplied by the host, intra-and-inter metabolite signaling, crosstalk between
neighboring species and environmental signals, and cues based on the geographical location
along the GI tract. With the recent explosion of gut microbiome research, several research groups
have identified and elucidated the critical role gut-metabolites play in modulating an individual’s
normal physiology and/or contribute to several diseased states, including neuropsychiatric
disorders such as Major Depressive Disorder (MDD), and Generalized Anxiety Disorder (GAD)
and neurodegenerative disease such as Parkinson’s Disease (PD) and Alzheimer’s Disease. The
purpose of this review is to systematically identify recent advancements of major bacteria phyla
such as Baceteroidetes and Firmicutes and its relevant genus and species in health and disease,
and how some of the specific metabolites produced by the respective genus and species may
mediate neuropsychiatric disorder. Further exploration of such metabolites and its dominant
bacterial species may provide innovative areas for research and potential novel targets for
therapeutics.
Abbreviations:
Parkinson’s Disease (PD), Major Depressive Disorder (MDD), Generalized Anxiety Disorder
(GAD), gamma amino butyric acid (GABA), Human Microbiome Project (HMP),
gastrointestinal (GI), Selective Serotonin Reuptake Inhibitor (SSRI)
2. Introduction
The gut microbiome is an exception to the common phrase that the whole is greater than the sum
of its parts. The microbiome is established early in life and this dynamic relationship between the
microbial flora and its host are subjected to environmental triggers and certain genetic
predisposition which influence the microbiome and thus in-turn influence the overall health
status of host. Therefore, in understanding this symbiotic relationship between the microbiome
and host, comprehension of the dominant microbiota and its metabolites may provide insight into
the pathogenesis of some diseases and expose avenues for therapeutic intervention. It is the
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purpose of this review to compile the major bacterial species and genera within the gut
microbiome to date, and to identify the metabolites they produce with the best of our knowledge.
Furthermore, this review seeks to identify gaps and challenges in current literature, which may
provide insight into the therapeutic targets in gut microbiome.
3. The Gut Microbiome
The human gastrointestinal tract is inhabited by a diverse assortment of organisms including
bacteria, fungi and viruses. The composition of such microorganisms, within the gastrointestinal
system are collectively known as the “gut microbiome.” To understand the complex role of the
microbiome NIH in early 2007, conducted a major study known as the Human Microbiome
Project (HMP) to identify and map the microbial ecosystem in order to elucidate its role in health
and disease. Identification and classification of species within the human gut have been carried
out by through two primary sequencing methodologies, shotgun and 16S amplicon
sequencing(ref.). With the data generated by HMP, researchers around the globe have been able
to identify numerous microorganisms involved in pathogenesis of several diseases.
Bacteria are the predominant microorganisms in the human microbiota coexisting in a nearly 1:1
ratio in regard to human cells (1). In total, there are nearly 1000 different species of bacteria in
the gut microbiome (2). The microbiome, once established early in life, tends to remain
relatively constant however its composition is not static (3). The gut microbiome exhibits interindividualistic differences and is also subject to divergence from the core microbiome over time
due to factors such as: diet or dietary change, diseased state, and/or use of medication. This
microbiome has been implicated in host-microbes’ metabolic functions, protection from
pathogens, and education of the immune system (2). One landmark study determined the major
components of the gut microbiome to be from five bacterial phyla: Bacteoridetes, Firmicutes,
Actinobacteria, Proteobacteria, and Verrucomicrobia (7). Of particular interest, are the two
major phyla, which were identified in that study; Baceteroidetes and Firmicutes, which
comprised approximately 90% of the gut microbes (7). In this review, these phyla will be the
subject of analysis for available knowledge on metabolic function, and its role in
neuropsychiatric disorder.
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4. Inclusion Criteria
Two phases were utilized during this literature review. During the first phase, the designated
phyla of bacteria were determined by the reports from Arumugam et al., in 2011 along with other
concurring reports (7-11). After determining the major phyla, bacteria were further
taxonomically organized based on Bergey’s Manual of Systematic Bacteriology Volume 3 and
Volume 4, with additional cross-referencing with NCBI’s taxonomy database and the list of
prokaryotic names with standing in nomenclature database. Furthermore, reported species were
then compared to the International Code of Nomenclature of Prokaryotes to determine species,
which have been accepted as valid. Only species which were considered valid were reported in
this review. Minor amendments were also made based on updates to the species and
categorizations performed since that publication in other relevant literature. The complete list of
explored genera are composed in Figure 1.

Figure 1. Phylogenetic tree of genera explored in this review. The two initial nodes represent the divergence of
bacterial organisms within the phyla Bacteroidetes and Firmicutes, respectively. The terminal branches indicate the
genera of bacterial organisms under exploration.
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Search words included taxonomic organization, genus then species, the phrase “gut
microbiome,” and finally the taxonomic organization again in quotations. For example:
“Bacteroides vulgatas ‘gut microbiome’ ‘Bacteroides vulgatas.’” A time range between 2005
and 2019 was set. Abstracts of publications matching those keywords were then screened for
each matching key word. Each species was then characterized by the amount of resources
devoted to its understanding. Search results greater than 100 in the last 15 years were considered
abundant, whereas less than 100 search results in the last 15 years were considered sparse.
The second phase of this review targets dysbiosis of the major bacterial phyla involved in
neuropsychiatric disorder and neuroinflammatory processes. Key words used in order to yield
those articles included the genus of the bacteria as in phase one, then the disease or disorder, so
that it appeared as follows “Genus Disease ‘Disease’.” The diseases and disorders included in the
search were generalized anxiety disorder, major depressive disorder, and Parkinson’s disease. A
similar method was utilized in order to obtain search results for metabolites/molecules associated
with the aforementioned pathologies. Those metabolites/molecules include serotonin,
epinephrine, norepinephrine, dopamine, GABA, kynurenine, and glucuronic acid.
Finally, species of bacteria in the two major phyla that did not yield significant search results
were not reported. Furthermore, genera that contained only one species, which yielded sparse
search results were also excluded. For example, the genera Xylanibacter and Rikenella were not
reported. However, it should be stated that they did receive exploration throughout this review.
5. Composition of the Gut Microorganisms
The gut microbiome is home to a variety of bacteria, which reside in the series of hollow organs
spanning from the oral cavity to the anus. There is abundant evidence supporting a few dominant
phyla within the gastrointestinal tract (7-11). Those dominant phyla include Bacteroidetes and
Firmicutes, which compose, on average, 90% of gut microbiota. However, this statistic alone
does sufficiently elucidate the gut microbiome composition. Bacteroidetes may vastly outnumber
Firmicutes, or vice versa, depending on demographic and geographic factors such (11).
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Furthermore, Bacteroidetes composition appears to exhibit inter-individual variation; whereas
the Firmicutes appear to vary over time within individuals (8).
Although Bacteroidetes and Firmicutes are the dominant phyla, further diversity within the gut
microbiome is promoted by a variety of factors. For instance, Bacteroidetes and firmicutes may
compete for the same available resources, thus limiting dominance of other at the specific
location. Another common phenomenon involves certain bacteriophages that play a vital role in
inhibiting the growth of certain species in the human body (5). Regional conditions of the
gastrointestinal tract also serve as selective pressures, which determine what microorganisms
flourish. The duodenum is subjected to exposure to rapidly changing pH, digestive enzymes,
bile, as well as varying levels of oxygen suggesting predomination of genera such as
Lactobacillus, Eubacterium, and Streptococcus in the duodenum (12). In comparison, this
composition changes somewhat in the jejunum and ileum where microaerophilic strains such as
Enterococcus, Lactobacillus, Streptococcus, and Gammaproteobacteria, are more common
(12,13). The large intestine is mildly acidic with stable pH and it is also a predominantly
anaerobic therefore supporting the growth of obligate anaerobes strains such as Bacteroides,
Prevotella, Rikenella, Lachnospiracae, and Ruminococcus (14).
5.1 Bacteroidetes
The taxonomic organization of the Bacteroidetes phylum has been subject to change in the last
twenty years with the development of novel classification techniques. According to Bergey’s
Manual of Systematic Bacteriology, the Bacteroidetes phylum is composed of four Gram-stainnegative, rod-shaped classes. It includes: Bacteroidia, Flavobacteriia, Sphingobacteriia, and
Cytophagia (15). Bacteroidia itself has five families, classified in the order Bacteroidales, those
families include Bacteroidacea, Rikinellaceae, Porphyromonadaceae, Prevotellaceae, and
Marinilabiliaceae (15). Recent work determining the composition of the gut microbiome
determined the most common bacterial genera of the small intestine. Those genera included the
Bacteroides, Parabacteroides, Alistipes, and Prevotella (9, 11). Of the samples obtained by
Arumugam et al, the Bacteroides genera were disproportionately more abundant than any other
genus within that phylum (9). However, one recent study showed that this relationship may be
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expected as Prevotella and Bacteroides are, to some extent, antagonistic to one another. For
example, mice were colonized by Prevotella copri, Bacteroides thetaiotaomicron, or both
species. Individually, Prevotella copri and Bacteroides thetaiotaomicron flourished, but when
combined in the same environment, populations decreased for both species (16).
5.1.1 Bacteroides
The Bacteroides genus is the largest of the genera constituting the family Bacteroidacea (15). It
is comprised of >10 species of anaerobic, nonmotile, saccharolytic bacteria (15). Multiple
sources have found Bacteroides vulgatus, Bacteroides thetaiotaomicron, Bacteroides coprocola,
Bacteroides caccae, Bacteroides uniformis, Bacteroides fragilis, Bacteroides eggerthii, and
Bacteroides massiliensis, Bacteroides pyogenes, Bacteroides salyersiae, and Bacteroides nordii
were detected in stool samples (16,17). Of those found, the predominant species appeared to be
Bacteroides vulgatus, Bacteroides fragilis, Bacteroides thetaiotaomicron, Bacteroides uniformis,
and Bacteroides caccae (17,18). However, it should be noted that individual variation in diet,
such as increased fiber intake, vegan, vegetarian, or omnivorous may account for some
discrepancies (18-20). Furthermore, differences in location of samples may also account for
individual differences in Bacteroides species (20). Bacteroides eggerthii, among other species of
bacteria, has also been implicated in the development of colitis in mouse models (21).
Bacteroides fragilis and Bacteroides thetaiotamicron have also been the subject of study in
regard to promoting intreaepithelial lymphocytes in the epithelial lining of the colon (22).
5.1.2 Alistipes
The Rikenellaceae family contains the genera Alistipes and Rikenella. Alistipes can be further
classified into eight species of nonmotile, Gram-negative rods, which are obligate anaerobes
(15). Those species are listed in Table 1.
As a whole, Alistipes have been of some interest in studying gut microbial composition in
obesity patients, and Alistipes may play a role in ease of weight loss (23). Increased levels of
Alistipes have also been identified in relation to MDD (24). However, current literature on
specific species of Alistipes is more limited. For example, available publications for Alistipes
putredinis seem to only identify its presence in stool samples (25, 26) or being used as a
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reference genome. Alistipes finegoldii has recently been implicated as a colitis-protecting species
within the gut microbiome of mice (21). Alistipes onderdonkii has also been the subject of
interest as it has been shown to promote intraepithelial lymphocyte production (22). Alistipes
shahii has been correlated with increased species richness, as well as elevated fruit consumption
(27).
5.1.3 Prevotella
The family Prevotellaceae contains two genera, Prevotella and Xylanibacter (15). The family
can be further subdivided into >20 anaerobic, rod-shaped, saccharolytic species indicated in
Table 1.
Review of the available literature showed that specific roles of species in health and disease is
limited to a small pool of species. However, information regarding the genus Prevotella is more
abundant. As a whole, Prevotella has been implicated in obesity and weight loss, as a reduction
in Prevotella may also be related to ease of weight loss (23). Prevotella has also been reported to
primarily inhabit mucosal sites, such as the oral cavity, respiratory tract, and the gastrointestinal
tract. Given its diverse nature, Prevotella appears to have a “finger in every pie.” Recent studies
and literature reviews have focused on the role of Prevotella in mediating an immune response
resulting in inflammatory diseases such as rheumatoid arthritis, periodontitis, bacterial vaginosis,
asthma, COPD, and inflammatory bowel disease (28, 29, 30). For example, a recent study on
Chinese subjects showed increased levels of Prevotella melaninogenica and Prevotella copri
have both been associated with the development of Ankylosing Spondylitis (31). Prevotella
copri has also been strongly associated in the exacerbation of colitis in murine models and the
onset of untreated rheumatoid arthritis (29). The topic of rheumatoid arthritis and Prevotella
yielded a wealth of information. HIV was also associated with increased prevalence of specific
lineages of Prevotellaceae, Prevotella stercorea and Prevotella coprii (32). During the course of
this review a multitude of species of Prevotella were implicated in the oral microbiome and
development of disease, such as Prevotella pallens, Prevotella maculosa, and Prevotella
buccalis to name a few (33, 34).
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5.1.4 Parabacteroides
Multiple species from Bacteroides have been relocated to the more appropriate family
Porphyromonadaceae. This family is characterized as predominantly anaerobic, saccharolytic,
nonmotile, gram-negative rods (15). Porphyromonadacea is composed of eight genera including:
Porphyromonas, Barnesiella, Dysgonomonas, Paludibacter, Petrimonas, Proteiniphilum,
Tannerella, and Parabacteroides (15). Of interest is the Parabacteroides genus, which is
comprised of eight species of bacteria listed in Table 1.
Parabacteroides distasonis has received significantly more attention than any of the other
species. Parabacteroides distasonis has been implicated in playing a role in reduction of
cytokines in murine models of acute and chronic colitis induced by dextran sulphate sodium
(35). However, another recent study reported that Parabacteroides distasonis may play a role in
promoting colitis (21). Parabacteroides goldsteinii has also been of some interest, with a few
recent studies aimed on the role of Parabacteroides goldsteinii in obesity and hepatitis. For
example, one study determined that the oral administration of Parabacteroides goldsteinii to
high-fat-diet mice resulted in increased adipose tissue thermogenesis (36). Furthermore, this
bacterium was correlated with reduced inflammation and improved insulin sensitivity (36). It is
possible that if underlying mechanisms are elucidated in this process, that it may be of some use
in maintenance of obesity, colitis, or even diabetes mellitus. Parabacteroides johnsonii research
is also abundant and diverse. One study focused on the effects of administration of Resveratrol
on glucose homeostasis and gut microbial composition (37). Those results showed that the level
of Parabacteroides johnsonii were reduced, along with an alteration in the Bacteroidetes to
Firmicutes ratio (37). Another study observed the differences in the gut microbiome of subjects
with alopecia aureate, in which enriched levels of Parabacteroides johnsonii, among other nonParabacteroides species, were detected (38). The study of Parabacteroides merdae has been
diverse and abundant as well. Studies on Parabacteroides merdae have ranged from enzymatic
analysis, to its effects on hypertension, and to a review on its relation to the ketogenic diet in
seizure patients (39-41).
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Phylum

Genus

Species

Associated Literature

vulgatus
thetaiotamicron
coprocola
caccae
uniformis
fragilis
eggerthii
massiliensis
pyogenes
salyersiae
nordii

16, 17, 18
16, 17, 18, 22
16, 17, 114
16, 17, 18
16, 17, 18
4, 6, 16, 17, 18, 22
16, 17, 21
16, 17, 114
16, 17
16, 17
16, 17

Alistipes

putredenis
finegoldii
onderdonkii
shahii
ihumii, indistinctus, inops, timonensis

25, 26
21
22
27
Scarce results
33, 34
31
16, 29, 31, 32, 114
33, 34
33, 34
32

Prevotella

pallens
melaninogenica
coprii
buccalis
maculosa
stercorea
veroralis, albensis, denticola, multiformis,
corporis, disiens, aurantica, falsenii,
intermedia, nigrescens, bergensis, oris, salivae, bryantii,
multisaccharivorax, baroniae, buccae, dentalis, enoeca,
pleuritidis, tomonensis, loescheii, shahii, brevis,
ruminicola, amnii, bivia, dentasini, fusca, jejuni, marshii,
nanceiensis, oryzae, oulorum, paludivivens,
saccharolytica, scopos
merdae
distasonis
goldsteinii
jhonsonii
gordonii, chartae, chichillae, faecis

39, 40, 41
35
36
37, 38
Scarce results

Bacteroides

Bacteroidetes

Parabacteroides

Scarce results

Table 1. Compiled list of the species within each genera of the Bacteroidetes. Each genus and its respective
species explored in this review. Each species has associated literature compiled, unless otherwise indicated by
“scarce results.”
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5.2 Firmicutes
The Firmicutes phylum has also been subject to change in the last decade, having previously
been comprised of three classes, according to Bergey’s Manual of Systematic Bacteriology
Volume 3. These three classes included: Bacilli, Clostridia, and Erysipelotrichia (42). However,
four more additions to the class have been made since that publication. Those classes were
obtained from the NCBI Taxonomy Browser and include: Negativicutes, Limnochordia,
Thermolithobacteria, and Tissierellia. The majority of these classes are gram positive, though a
few exceptions are made (42). Bacilli is further subdivided into the orders: Bacillales and
Lactobacillales. Lactobacillales is comprised of six families, of which focus will remain on a
specific subset. Importantly, Lactobacillales contains the family Streptococceae, which includes
the genera Streptococcus, Lactococcus, and Lactovum. Based on the study performed by
Arumugam et al., 2013, focus will be placed on Streptococcus, along with: Faecalibacterium,
Roseburia, Blautia, Coprococcus, Ruminococcus, Eubacterium, Dorea, Subdoligranulum,
Anaerostipes, Holdemania, Anaerotruncus, Acidaminococcus, Megasphaera, Dialister, and
Coprobacillus (9).
The class Clostridia is further subdivided into the orders: Clostridiales, Halanaerobiales, and
Thermoanaerobacterales. Of significance, the Clostridiales order is comprised of the
Ruminococcoceae, Lachnospiriceae, and Eubacteriaceae families. Within the Ruminococcaceae
family are the genera Faecalibacterium, Ruminococcus, Subdoligranulum, and Anaerotruncus.
Within the Lachnospiriceae family is Roseburia, Blautia, Coprococcus, Dorea, Anaerostipes,
Within the Eubacteriaceae family is the genus Eubacterium.
Erysipelotrichia is composed of the order Erysopelotrichiales, which is further made up of the
family Erysopelotrichaceae. Importantly, this family contains the genera Coprobacillus and
Holdemania.
The class Negativicutes is comprised of three orders: Acidiminococcales, Selenomonadales, and
Veillonellales. Particular attention will be made to the orders Acidiminococcales and
Veillonellales. Acidiminococcales is importantly composed of the family Acidiminococcaceae,
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which contains the genus Acidiminococcus. Veillonellales contains the family Veillonellaceae,
which contains the genera Megasphaera and Dialister.
5.2.1 Faecalibacterium
The genus Faecalibacterium is composed of nonmotile, strictly anaerobic, rod shaped cells of
varying length, some of which are gram negative staining (42). This genus contains one species,
Faecalibacterium prausnitzii. However, as the sole species of its genus this bacterium has
garnered significant attention in gut microbiome. Faecalibacteirum prausnitizii is widely
regarded as the most prominent bacteria in the gastrointestinal tract, accounting for
approximately 5% of faecal microbes (43). This statistic has been supported by another study,
which proposed that the abundance and transcriptional activity of Faecalibacterium prausnitzii
appears to be more important than the mere presence or absence of that species (44).
Publications in this time range tend to focus on the role of Faecalibacterium prausnitzii in
production of butyrate and inflammatory processes. This metabolite has been implicated as an
anti-inflammatory in the colonic mucosa (45); as such Faecalibacterium prausnitzii has been
subject to study in inflammatory processes such as irritable bowel disease (44, 46). More
specifically, Faecalibacterium prausnitzii was shown to have a protective effect against
development of Crohn’s disease in murine models via blockage of NF- KB and IL-8 (47).
5.2.2 Ruminococcus
The genus Ruminococcus is classified as strictly anaerobic, chain-forming cocci, which are
gram-stain-positive in some cases and gram-stain-negative in many cases (42). Ruminococcus
contains eleven species, which are listed in Table 2.
Much of the work on species of Ruminococcus has focused on the role that Ruminococcus albus,
Ruminococcus flavifaciens, and Ruminococcus champanellensis species play in digestion of
complex polysaccharides such as cellulose (48, 49). This cellulolytic action aids in the continual
recycling of the most abundant biopolymer in nature, which explains why many resources have
gone into the understanding of these species. Other species of Ruminococcus are noncellulolytic, such as Ruminococcus bromii. Ruminococcus bromii has also been focused on for its
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role in degradation of starch in the human GI tract. Ruminococcus bromii has been shown to
degrade starches that are typically resistant to degradation earlier in the GI tract, as well as
improve the ability of other species of starch-digesting species of bacteria to digest resistant
starches (50). Furthermore, this species has been shown to increase in abundance to exposure to
resistant starches (51). Ruminococcus gnavus has been the subject of study in Crohns disease and
Ulcerative Colitis (52). The abundance of this species in these diseases may be related to its
ability to affect mucin expression in the intestines of mouse and human models, as well as utilize
mucin-derived glycans for metabolic purposes (53-55). Another study found that Ruminococcus
gnavus appears to be more aerotolerant than its classification may suggest (55). These reports
may be two sides of the same coin, as increased mucin expression by intestinal goblet cells may
protect the bacteria from the reactive oxygen species involved in IBD as well as providing an
ample growth medium. However, studies have not yet shown whether the abundance of
Ruminococcus gnavus is coincidental or incidental to the worsened disease state. Thus, further
investigation is required. Of interest, one publication determined that the amplification of RNA
derived from Ruminoccocus gnavus was significantly greater than that of other indicated species
in Crohns disease and IBD (44). Thus, small changes in the abundance of Ruminoccocus gnavus
in the intestine may have greater effects than other species (44). Similar to Ruminococcus
gnavus, Ruminococcus torques is a mucin-degrading bacterial species, which has been
implicated in subjective, worsened symptom reports by individuals with IBD (56).
Ruminococcus torques has also received some attention in regard to its ability to produce
butyrate, and in one study was shown to have reduced abundance in Crohns disease subjects
(57). Ruminococcus lactaris search results were abundant, however, multiple mentions of the
phrase “Ruminococcus lactaris” were in passing or in regard to a species that bore resemblance
to Ruminococcus lactaris. Ruminococcus faecis shares a similar story, although it has received
some attention due to its isolation from the human gut (58).
5.2.3 Roseburia
Roseburia is a genus composed of five slightly curved, rod-shaped, gram-negative or gramvariable, motile, obligate anaerobic species, which are also known to hydrolyze starch (42). The
five species, which can be found in Table 2. As a whole, these species have received moderate
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attention due to their role in the production of the short chain fatty acid, butyrate (58, 59). Given
this reputation, these species have been the subject of multiple studies.
One recent study sought to understand factors that can affect the Firmicutes to Bacteroidetes
ratio via administration of a whole-grain barley vs brown rice diet (58). The results of that
experiment showed a gradual increase in both the Roseburia faecis and Roseburia intestinalis
species, among other Firmicutes (58). This point serves to show that the gut microbiome is not
static, and changes in diet may alter the normal gut microbiome ratio. Furthermore, Roseburia
faecis has been shown to produce a bacteriocin-like substance against Bacillus subtilis, which
may allow it to successfully compete with other bacteria in the intestines of its host (60).
Roseburia hominis was recently determined to affect host gene expression in the innate immune
system, the gut barrier, and T cells of murine models (61). More specifically, Roseburia hominis
was shown to upregulate gene activity in Roseburia hominis mono-colonized mice (61).
Furthermore, Roseburia hominis levels have been shown to be reduced in subjects with IBD
(61). That reduction of the gut barrier-promoting bacterial species could bely an effect on the
severity of IBD (61). Of interest, search results for Roseburia hominis yielded a patent for
production of a probiotic used for modulating host immunity, satiety, and IBD, to name a few
(62).
The extent of study of Roseburia inulinivorans appears to revolve around its role as a butyrateproducing bacterium (58, 59). One recent study, for example, showed that along with reduced
levels of Ruminococcus torques, Roseburia inulinivorans abundance in the intestines of Crohns
disease subjects was reduced in those with positive C reactive protein levels (57). Continuing
with the theme of butyrate, Roseburia intestinalis is no exception. This species has been the
focus of multiple studies regarding its ability to synthesize butyrate. In one study, Roseburia
intestinalis colonization in murine models was shown to be a protective factor from
atherogenesis (63). In that study, Roseburia intestinalis mice exhibited a 30% reduction in the
area of atherosclerotic plaques (63). It was suggested that this reduction was mediated via the
fourfold production of butyrate when compared to a core bacterial community (63). This species
was also determined to be one of the major inhabitants of intestinal mucins, which may be due to
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its possession of a flagella (64). Only one species yielded sparse search results, Roseburia
cecicola.
5.2.4 Blautia
The genus Blautia is a relatively novel genus and has been met with some scrutiny. In this
review, Blautia will be covered as though it was entirely accepted. This genus is composed of 13
species of bacteria, which are characterized as mostly Gram-positive, anaerobic, and
coccobacillus shaped (65-69). The species included in this genus are listed in Table 2.
Information on specific species of Blautia is difficult to determine given the instability of the
current acceptance of Blautia. Thus, available literature tends to look at Blautia on the genuslevel, rather than on species level. As previously mentioned, there are some dominant bacteria in
the human host, which may differ based on geographic location. In one study, researchers
focused on the group Clostridium coccoides in a Japanese population, and the subgroups and
species that compose it (69). That group has been reported to contain several genera, including
Eubacterium, Blautia, Clostridium, and Dorea, to list a few. Fecal samples obtained from their
subjects showed that the genus Blautia was the most common subgroup of intestinal microbes
regardless of age (69). Furthermore, Blautia was also found to decrease in abundance with age
(69). The species of Blautia included in that study were: Blautia hydrogenotrophica, Blautia luti,
Blautia obeum, Blautia schinkii, Blautia hansenii, Blautia producta, and Blautia coccoides (69).
This study also supported previous hypotheses that overall counts of Clostridium coccoides
group between children and adults is relatively stable (69). However, it also seemed to oppose
the idea that the gut microbiome is of a stable composition, since the Clostridium coccoides
group diminished into later age (69). These results suggest that the gut microbiome is still subject
to change throughout the human lifetime, which supports the need to further refine the study of
stability of the populations of the gut microbiome depending on age. Blautia hydrogenotrophica
has received some attention due to its ability to synthesize acetate from hydrogen (70). It may be
speculated that this carbon-cycling activity within the host could contribute to the growth of
species that utilize acetate. In contrast, it could also contribute to the loss of species that compete
for the same resources, such as methanogens.
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5.2.5 Coprococcus
Coprococcus is a genus composed of three species of bacteria characterized as nonmotile,
obligately anaerobic, chemoorganotrophic, Gram-stain positive cocci (42). These bacteria
include: Coprococcus eutactus, Coprococcus catus, and Coprococcus comes. Altogether, these
species are known for their production of short chain fatty acids, such as butyrate, acetate, formic
acid, and propionic acid (42).
Coprococcus eutactus has been studied for its varied presence, or decreased abundance, in
subjects with IBS. Coprococcus eutactus has been shown to occur normally within the intestines
of healthy control subjects compared with IBS subjects (71). Another recent study appeared to
confirm this difference; Coprococcus eutactus was shown to have reduced abundance in subjects
with IBS who also hosted Ruminococcus torques (56). As previously mentioned, Ruminococcus
torques is a mucin-degrading species, thus it may occur in competition with Coprococcus
eutactus, or subject to competition by another species of bacteria. Therefore, it may be worth
investigating the localization of the Coprococcus eutactus to determine its abundance and
dependence on mucin as well as its aerotolerance. One study suggested a relationship between
Gram-negative bacteria and Gram-positive bacteria such as Coprococcus eutactus. In that study,
Bdellovibrio bacteriovorus, a predator of Gram-negative bacteria, were introduced to rat models,
which resulted in a gradual increase in the abundance of Coprococcus eutactus (72). However,
that study was unable to determine the exact cause of the increase in that species. Coprococcus
catus has been the subject of study in regard to its production of short chain fatty acids in
multiple studies including its potential role in obesity of children, ability to survive and produce
short chain fatty acids in varying pH, and possible effect on preeclampsia (73-75). Coprococcus
comes also appears to have been subject to studies interested primarily in its role in the
production of short chain fatty acids (76).
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5.2.6 Dorea
The genus, Dorea, is composed of two species characterized as nonmotile, obligately anaerobic,
chemoorganotrophic, Gram-stain positive rods (42). These bacteria include: Dorea longicatena,
Dorea formicigenerans.
Dorea longicatena has received some attention, and this species is considered to have an
abundance of information. Similar to other species of bacteria in different genera, Dorea
longicatena has been the subject of study in regard to Crohns disease. This species was recently
found to increase in abundance in the ileal mucosa of subjects experiencing Crohns disease
remission (77). In another study, both Dorea longicatena and Dorea formicigenerans were
implicated in cytokine activity; an abundance of these species was associated with elevated
levels of interferon gamma in response to fungal-derived stimuli (78). As stated by those authors,
the ability of Dorea longicatena and Dorea formicigenerans to metabolize sialic acid of mucins
may be related to increased gut permeability (78).
5.2.7 Anaerostipes
Anaerostipes is a genus composed of four species of nonmotile, Gram-positive in exponential
phase but not in the stationary phase, obligately anaerobic rods, which sometimes occur in chains
of 2-4 cells (42). These species are also known to produce the short chain fatty acid, butyrate
(42). These species can be found in Table 2.
Anaerostipes caccae has received the most attention within the genus Anaerostipes. One recent
study utilized Anaerostipes caccae and Akkermansia muciniphila co-cultures to determine that
mucin-degrading species can promote the growth of butyrogenic species by providing a
nutritional supply (79). Furthermore, the presence of the Anaerostipes caccae induced changes in
the expression of the mucin-degrading genes via upregulation of the response regulator
Amuc_1010 (79). This study again highlights one of the many possible relationships that gut
commensal bacteria can provide to other species and could elucidate the previously mentioned
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increase in levels of Ruminococcus gnavus. Anaerostipes hadrus also has an abundance of
information regarding its role as a butyrate-producing bacterium (41, 80).
Anaerostipes butyraticus was isolated in 2010 from the cecal content of a broiler chicken, which
may contribute to the sparse results for this topic (81). However, this species has received some
attention for its reputation as a “hyper-butyrate producer” (82). It seems likely that more
attention will focus on this species and other producers of short chain fatty acids as more
knowledge about the role of SCFA’s in pathogenesis is elucidated.
5.2.8 Eubacterium
The genus Eubacterium is composed of >15 different species of bacteria, characterized as Grampositive, obligately anaerobic, chemoorganotrophic rods (42). These species are also known to
produce the short chain fatty acids butyrate, acetate, and formate (42). These species can be
found in Table 2.
Eubacterium coprostanoligenes is well-known for its role in the reduction of cholesterol to
coprostanol (83, 84). As such, it has been utilized in studies in order to determine its effects on
hypercholesterolemia, as is the case with the series of studies of hypercholesterolemia by Li et
al., 1995, 1996, and 1998. In the first study, rabbits received an oral administration of
Eubacterium coprostanoligenes, which resulted in a significant decrease in the plasma
cholesterol concentration (85). Furthermore, the hypocholesterolemic effect lasted for another 34
days after the last oral administration (85). However, the effect of oral administration of
Eubacterium coprostanoligenes on cholesterolemia still appears to be somewhat unclear; as the
follow-up studies determined that oral administration of Eubacterium coprostanoligenes to hens
and murine models was unable to affect plasma cholesterol levels (86, 87). Current research on
the pathways and the enzymes involved in this conversion are not fully elucidated. Furthermore,
the impact on the formation of cholesterol-derived hormones; glucocorticoids,
mineralocorticoids, androgens; and species capable of reducing cholesterol in the gut
microbiome is a topic that has not seen much exploration (88).
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Eubacterium limosum has been implicated as a species that increases in abundance throughout
age, thus supporting the notion that the gut microbiome has a dynamic composition that may
change with age. In that study, the abundance of Eubacterium limosum was determined to be 10fold of that compared to the two younger groups (89). At this point in time, much work has been
devoted to understanding the metabolic relationship between Eubacterium ramulus and dietary
polyphenols, but Eubacterium limosum has also received some attention as well. However,
studies of this topic have been confounded by the inability to control the host microbiome, as
well as account for the variability in the host. One recent study focused on the role of
Eubacteirum limosum and Eubacterium ramulus in the catabolism of polyphenols (90).
Eubacterium ramulus was determined to have the capacity to metabolize the polyphenols
Xanthohumol, 8-prenylnaringenin, and desmethylxanthohumol in vitro (90). Furthermore,
Eubacterium ramulus utilizes the product 8-prenylnaringenin formed by Eubacterium limosum to
create O‐desmethyl‐α,β‐dihydroxanthohumol (90). This relationship also supports the
cooperativity exhibited by species of bacteria, which occurs in the host.
The species Eubacterium rectale has received significantly more attention than any other species
in the genus Eubacterium. This abundance may be, in part, due to the role of Eubacterium
rectale in production of the short chain fatty acid butyrate (91). One recent study found that
abundance of Eubacterium rectale increased in one group of subjects that were producing high
amounts of butyrate in response to the gradual administration of a resistant starch diet (91).
However, in another group of subjects deemed the “elevated” group, abundance of
Bifidobacterium adolescentis and Ruminococcus bromii were found rather than the Eubacterium
rectale (91). It is possible that this difference is due to the sample size, thus further exploration
of this topic will be required.
Eubacteirum ventriosum has been found in association with obesity in multiple studies (92, 93).
In a recent study on obese Japanese subjects, this species along with Blautia
hydrogenotorophica, Coprococcus catus, Eubacterium ventriosum, Ruminococcus bromii,
and Ruminococcus obeum were found to be associated with obesity (92). However, the
directionality of this relationship was unable to be established. This again reinforces the need for
continued study of these organisms and the effect on the development of disease. This study did
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appear to confirm a previous association made in 2012 in a study performed on monozygotic
twins (94). This study also determined that higher BMI twins had increased abundances of
Eubacterium ventriosum and Roseburia intestinalis (93).
Although literature regarding Eubacteirum eligens and Eubacterium siraeum are considered
abundant, the majority of the literature utilized the species as a representative species for
Eubacterium or provided passing mention of the species. It is also likely that the inclusion of the
phrase “gut microbiome” is including additional search results that are absent of the phrase
“Eubacterium eligens” or “Eubacterium siraeum.”
5.2.9 Acidaminococcus
The genus Acidaminococcus is composed of two species of coccoid, Gram-negative, nonmotile,
anaerobic, chemo-organotrophic cells (42). These two species include Acidaminococcus
fermentans and Acidaminococcus intestini.
Of the aforementioned species, the most well-studied is Acidaminococcus fermentans. This
species has received moderate attention for its role as one of the most prominent bacteria
involved in the hydrolysis of amino acids (94, 95). This species was recently found to occur in
abundance in fecal samples of subjects with ankylosing spondylitis, along with Parabacteroides
distasonis, Eubacterium siraeum, Acidaminococcus fermentans and Prevotella copri (96).
Although, aforementioned reports have suggested that Prevotella copri may exhibit an
antagonistic response to Bacteroides thetaiotamicron. One may speculate that if such
competition occurs in the gut microbiome, that the prevalence of another bacteria that is
antagonistic to a competitor of Acidaminococcus fermentans may account for the increased
abundance of this, or other, species.
5.2.10 Megasphaera
Megasphaera is a genus, which is comprised of nine species of obligately anaerobic, nonmotile,
Gram-negative, short-chain-fatty-acid-producing cocci (42). Those nine species can be found in
Table 2.
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The species Megasphaera elsdenii has been of particular interest in ruminant animals, as it was
initially identified in the rumen of cattle (97). There is some available literature on the role of
this species in the gut of non-ruminant animals such as kittens, rats, and pigs (97-99). One study
from 2003 identified changes in the abundance of this species in fecal samples of kittens, which
showed reduced percentages of that sequenced bacteria in fecal samples at twelve weeks of age
(98). Taken together, the role of this butyrate-producing bacteria may still have an unidentified
role in the human gut microbiome.
Megasphaera massiliensis yielded scarce search results, since its isolation in 2013 from the stool
of an HIV infected patient (100). However, this species has seen some recent interest due to its
role in the production of butyrate and valeric acid. In one study, this bacterium was shown to
have the strongest enhancing function on histone deacetylases in comparison to Roseburia
intestinalis and Bacteroides massiliensis (101).
5.2.11 Dialister
The genus Dialister is composed of five species of obligately anaerobic, nonmotile, small, Gramnegative coccobacilli (42). Those species can be found in Table 2.
Dialister invisus was initially isolated from the human oral cavity, although it has also been
isolated in the intestine and has been implicated in IBS and DM1 (44, 103, 104). One recent
publication reporting that Dialister invisus occurred in abundance within subjects with IBS (44).
However, this species was relatively inert and did not exhibit gene expression within the host
(44). This report would suggest that Dialister invisus is either non-growing or a dead population
and therefore is not contributing to the disease state. This study also highlights an important
aspect of the gut microbiome; it is not sufficient for one species to be abundant in the gut, but it
must also be transcriptionally active. One study associated Dialister invisus abundance with
increased permeability of the gut in Diabetes Mellitus Type 1 subjects but were unable to
elucidate the specific role this species played (104). Thus, it is possible that Dialister invisus may
contribute to dysbiosis and the disease state.

Phylum

Genus
Faecalibacterium

Associated Literature

prausnitzii

43, 44, 45, 46, 47, 12421

bromii
champanellensis
faecis
flavefaciens
torques
gnavus
albus, bicirculans, callidus, gauvreauii, lactaris

50, 51, 92
48, 49
58
48, 49
56, 57
44, 52, 53, 54, 55, 126, 127
Scarce results

faecis
hominis
inulinivorans
intestinalis
cecicola

58, 60
61, 62, 125
57, 58, 59
58, 63, 64, 93, 125
Scarce results

coccoides, hansenii, hominis, luti, obeum, producta, shinkii
hydrogenotrophica
caecimuris, faecis, glucerasei, stercoris, wexlerae

69
69, 70, 92
Scarce results

eutactus
catus
comes

56, 71, 72
6, 73, 74, 75, 92
76

Dorea

longicatena
formicigenerans

77, 78
78

Anaerostipes

butyraticus
caccae
hadrus
rhamnosivorans

81, 82
79
80
Scarce results

Eubacterium

coprostanoligenes
limosum
ramulus
rectale
siraeum
ventriosum
aggregans, barkeri, callenderi, eligens, halli, multiforme, oxidoreducens,
plexicaudatum, pyruvitavorans, rangiferina, ruminatium, uniforme,
xylanophilum

83, 84, 85, 86, 87
89, 90
90
91
96
92, 93

fermentans
intestini

94, 95, 96
Scarce results

elsdenii
massiliensis
cerevisiae, hexanoica, indica, microniciformis, paucivorans, stantonii,
sueciensis

97, 98, 99, 100
101, 102

invisus
microaerophilus, pneumosintes, propionicifaciens, succinatiphilus

44, 103, 104, 105
Scarce results

Ruminococcus

Roseburia

Blautia

Coprococcus

Firmicutes

Species

Acidaminococcus

Megasphaera

Dialister

Scarce results

Scarce results

Table 2. Compiled list of the genera of Firmicutes and their associated species. The major genera explored in
this study were subdivided into their corresponding species. Each species has associated literature, unless otherwise
indicated by “scarce results.”
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6. Neuropsychiatric Disorders and Gut Dysbiosis
Indeed, gut microbiome dysbiosis has been linked to multiple facets of systemic disorders.
However, more recent studies have sought to understand the relationship between the gut
microbiome and neuropsychiatric disorder such as, Major Depressive Disorder, and Generalized
Anxiety Disorder and as a comorbidity of neurodegenerative disorders such Parkinson’s disease.
One founding hypothesis for the “gut-brain axis” was proposed by Braak and colleagues (105).
They suggested a relationship between neuropsychiatric disorder and the gut was linked by the
connection of the intestines via parasympathetic fibers from the vagus nerve to the spinal cord. In
the gut, sensory information is registered via the nodose ganglion, and is then transmitted to the
nucleus tractus solitarius of the brain. Braak and colleagues cemented their hypothesis in the
wake of isolating Lewy bodies (protein aggregates composed primarily of alpha synuclein and
ubiquitin) from the enteric nervous system, spinal cord, prefrontal cortex, and mid-brain of
subjects with early PD (105). Following that study, it was shown that the injection of alpha
synuclein into the gut wall in rat models migrated to the brain stem through the vagus nerve
(106). The aforementioned hypothesis addresses the “highway” that connects the gut to the brain
and does not account for the microbiota and their potential influence on that axis. Thus, we
incorporate the findings of a few recent studies. The first showed that changing diet to a
combination of high fat and high sugar diet in rat models resulted in dysbiosis of the gut
microbiome. They suggested that dysbiosis may account for activation of microglia in the nodose
ganglia that causes an inflammatory response that is responsible for changes in vagal afferent
fibers (107).
Other explanations for the relationship between the gut microbiome and nervous system have
explored bacterial production of molecules that may act as local neurotransmitters in the gut. For
example, serotonin has been shown to mediate the enteric nervous system, as well as activity of
the vagus nerve. This notion has been supported by the recent work by Neufeld and colleagues
(108). In that study, they demonstrated that administration of oral selective serotonin reuptake
inhibitors increases the rate of action potential production in the vagal nerve afferents harvested
from the jejunum of mouse models. Furthermore, direct administration of SSRIs such as
sertraline or fluoxetine to the lumen of the jejunum also resulted in increased rate of action
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potentials (108). For example, Lactobacillus reuteri has been shown to be capable of producing
GABA from L-Glutamate, and Clostridia has been shown to produce GABA from glutamic acid
(110, 111). Not only have bacteria been shown to directly produce these molecules, they have
also been shown to influence their synthesis within cells of the gastrointestinal tract. A study by
Asano and colleagues have shown that bacteria, such as Clostridia, possessing β glucuronidase
are capable of liberating conjugated neurotransmitters including dopamine and norepinephrine in
the intestine of mouse models (112). Of importance, these bacteria are capable of producing or
influencing production of neurotransmitters, which are implicated in disorders such as PD,
MDD, and GAD. Thus, we will now explore which bacterial phyla are capable of producing such
metabolites.
6.1 Bacteroidetes in Neuropsychiatric Disorder and Metabolic Products
One recent publication showed a reduction in the level of Bacteroidetes in subjects with MDD.
However, they also indicated that bacteria belonging to the genus Prevotella were found to have
increased in abundance in the obtained fecal samples (112). Although important, it should be
underscored to report all observable changes in the microbiome, rather than generalized changes
in abundances of bacteria. There were no indications that Prevotella abundance is altered or
affects GAD. However, one publication reported that levels of Prevotella copri in comparison to
control were elevated in subjects with PD (113). Given this information, and the role that
Prevotella have been reported to play in other inflammatory diseases, that changes in the level of
this species could induce inflammatory changes contributing to the pathogenesis of PD (28-31).
The genus Alistipes has been implicated in MDD. In one recent study, it was shown that
Alistipes, along with Enterobacteriaceae had increased in abundance in patients with that
disorder (24). There was little available information to support a role for Alistipes in GAD.
However, the abundance of the genus Alistipes along with other genera has also been associated
with subjects with PD when compared to healthy controls (114, 119).
Literature regarding the role of Bacteroides in MDD is available. However, according to one
recent comprehensive review, there are conflicting results on the roles of Prevotella, Alistipes,
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and Bacteroides in MDD (115). These genera have all been shown to have results that support
both increases and decreases in abundance in subjects with MDD (115). Thus, further research
into the roles of these genera will be necessary to accurately determine their roles in this
disorder. One study has shown that abundance of Bacteroides in fecal samples has been shown to
increase in subjects with GAD (116). In regard to PD, one recent study showed reduced
abundance of multiple species of Bacteroides including Bacteroides massiliensis and
Bacteroides coprocola in fecal samples of subjects with PD compared to healthy controls (114).
As a whole, the genus Bacteroides was also found to be reduced in abundance (114). Another
older study also found that levels of Bacteorides fragilis in subjects with PD were reduced in
abundance when compared to controls (4). However, these results conflict with an earlier study
that showed that the genus Bacteroides increased in abundance in fecal samples obtained from
PD patients (6). It is apparent that Bacteroides dysbiosis is present when comparing diseasedstate subjects to controls. However, further analysis will be required to determine the exact role
of the species and genus Bacteroides. It may be reasonable to conclude, that although relative
decreases at the genus level are being recorded, increases in abundance of one or more species in
that genus may be hidden indicators of the diseased state. This statement therefore highlights the
caution that should be taken when reporting genus-level changes in abundance.
There was little information available regarding the role of the genus or species of
Parabacteroides in GAD and MDD. However, the genus Parabacteroides has been shown to
increase in abundance in fecal samples from subjects with PD when compared to healthy
controls in multiple studies (117-119). Thus, there may be room for exploration of species of
Parabacteroides and how the changes in their relative abundance relate to PD.
As previously stated, if bacteria in the class Clostridia or genus Lactobacillus, have been shown
to produce compounds that affect the brain-gut axis, a loss of corresponding species could
possibly confer negative effects for the host. However, available literature has not supported this
assertion for the genus Prevotella. There was no available indication that Prevotella was capable
of producing neurotransmitter-like compounds including GABA, dopamine, serotonin,
norepinephrine, or epinephrine. That genus has also not had any indication in the ability to
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produce short-chain-fatty acids. There were no reports of species of Prevotella with β
glucuronidase activity.
In contrast to Prevotella, the genus Alistipes may play a role in the metabolism of the
neurotransmitters GABA and serotonin. In one review and one recent experiment, Alistipes was
reported to utilize the enzyme glutamate decarboxylase (121, 122). That enzyme is responsible
for the production of GABA (121). Furthermore, another study also suggested that Alistipes may
be capable of producing indole, a derivative of tryptophan (24). Thus, it is worth speculating that
this production of indole from tryptophan may cause a reduction in the availability of tryptophan
for serotonin synthesis. However, indole has also been shown to be re-converted back into
tryptophan. Thus, an alternative suggestion may be necessary. Perhaps, an over-abundance of
Alistipes may cause an imbalance the normal formation and conversion of tryptophan to indole.
If that occurs, it is reasonable to then suggest that and over-abundance of Alistipes could
contribute to a decrease in tryptophan available for serotonin synthesis. That deficit in serotonin,
or the aforementioned production of GABA may then contribute to the pathogenesis of
neuropsychiatric disorder. Although, there is some evidence that the genus Alistipes may play a
role in the reactivation and level of serotonin in the gut. Thus, this activity and the role of
Alistipes in the gut microbiome will require further exploration. It would be reasonable to
propose that an over-abundance of Alistipes in the gut microbiome may contribute to deficits in
serotonin or other metabolites that contribute to the pathogenesis of neuropsychiatric disease.
Furthermore, this proposal is supported by multiple publications that have found a positive
correlation between the over-abundance of the genus Alistipes in patients with depression (24,
120).
Two available sources reported that both Bacteroides and Parabacteroides may be capable of
producing GABA, the former was able to further specify that those species contained the gadB
and gadC genes (121, 122). The latter study was able to utilize Parabacteroides and Bacteroides
obtained from fecal samples of healthy individuals to draw the conclusion that they are, indeed,
capable of producing GABA (122). Thus, abnormalities or dysbiosis may result in abnormal
amounts of synthesized GABA in the gut that could potentially contribute to neuropsychiatric
disorder. There have also been reports that the subspecies Bacteroides fragilis is capable of
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producing the short chain fatty acid propionate from succinate. Information regarding the role of
Bacteroides and Parabacteroides on the production of serotonin was sparse. Parabacteroides
and Bacteroides also yielded sparse search results when reviewing available literature for
kynurenine and the kynurenine pathway.
Taken together, it may appear that the role of Bacteroidetes in the synthesis or reactivation of
molecules and compounds associated with neuropsychiatric disorder is supported. Thus, further
study will be required to elucidate the roles that species of the aforementioned genera play in that
biosynthesis. Possible future directions may focus on the effect of those synthesized molecules
on local nervous tissues such as the vagus nerve.
6.2 Firmicutes in Neuropsychiatric Disorder and Metabolic Products
Clostridia and Lactobacillus are two genera within the phylum Firmicutes. As previously
mentioned, these species have already been implicated in the neuropsychiatric disorder. Thus, it
is worth exploring the possibility that other well-cited Firmicutes may also be associated with
neuropsychiatric disorder.
In one recent study, reduced abundance of Faecalibacterium prausnitzii was shown to be
associated with MDD (24). However, other supporting studies are scarce, and further exploration
will need to be done before confirming this species role. There was no available information to
support the role of this species in GAD. However, one study has shown an association between
reduced abundance of Faecalibacterium in colonic mucosa samples of PD subjects (6). Thus, it
may be worth investigating the metabolic roles of this species, as well as its function within the
mucosa of the intestine. As previously stated, it is also possible that this species is subject to
predation or may be antagonistic to other species of bacteria. Thus, relationships between this
species and other gut commensals should also be explored.
The genus Ruminoccocus was one of several genera shown to be elevated in healthy controls
compared to subjects with active MDD (24). Furthermore, Ruminococcus was also shown to be
of decreased abundance in responded MDD (24). However, this genus suffers the same lack of
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supporting studies as Faecalibacterium. There was no supporting information for the role of this
genus in GAD or PD.
As reported by Jiang et al. in 2015, Roseburia was also shown to be of increased abundance in
subjects with active and responded MDD (24). Again, recent exploration of the role of this genus
in depression and MDD remains relatively unexplored. There was no supporting information for
the role of this genus in GAD. However, one study showed an increased abundance of Roseburia
in healthy controls when compared to PD (6). Unfortunately, additional studies supporting this
association were scarce. Thus, future directions may focus on the role of this species in PD
progression. It may also be worth exploring the relationships between this gut microorganism
and other commensal bacteria. Through that method, it may be possible to determine whether
this species abundance is the result of PD progression or bacterial predation or antagonism.
In the same study, the genus Blautia was shown to increase in abundance in subjects with active
and responded MDD (24). However, there was a lack of supporting studies regarding the
association between Blautia and MDD. There was no available information regarding the role of
Blautia in GAD. However, levels of Blautia have been shown to be altered in subjects with PD
compared with healthy subjects. In that study, Blautia was significantly more abundant in those
healthy controls (6). However, there were no supporting studies to confirm this role. Thus, there
may be some association between PD and reduced abundance of Blautia, but that will require
further exploration. Furthermore, other factors such as metabolic roles and antagonistic effects
between bacteria should be explored.
Information regarding the role of Coprococcus in MDD and GAD was scarce. However, this
genus may be open to exploration in those disorders given the aforementioned roles of the
species Coprococcus catus and Coprococcus comes in the production of short chain fatty acids.
To the contrary, decreased levels of Coprococcus has been associated with PD. In the study
performed by Keshavarzian and colleagues in 2015, Coprococcus was shown to be reduced in
abundance in fecal samples of PD subjects when compared to healthy controls (6).
Unfortunately, there was no available information to support or refute this relationship. Thus,
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further exploration of this relationship will be required to determine the extent of the role of
Coprococcus in PD.
Similar to the Bacteroidetes, Firmicutes may also play a role in metabolites associated with
neuropsychiatric disorder. The genus Faecalibacterium has been implicated in decreased levels
of serotonin. As one study has shown, after modeling IBS by administration of dinitro-benzene
sulfonic acid, Faecalibacteirum prausnitzii was administered to the colon of germ-free murine
models. After administration, reduced levels of serotonin were recorded (123). If this species is
truly associated with decreases in GI serotonin, further exploration should focus on determining
the metabolic capabilities of Faecalibacterium prausnitzii. Faecalibacterium prausnitzii have
also been explored for their role in the production of butyrate (45). There was no available
information regarding the role of this genus in synthesis or metabolism of GABA, dopamine,
epinephrine, or norepinephrine. Faecalibacterium prausnitzii was not associated with betaglucuronidase activity. Furthermore, one study exposed this species to growth conditions
restricted to glucuronic acid, and determined
Faecalibacterium praustnitzii showed a limited range of growth from none to very poor (123).
Therefore, it is unlikely that this species contains the enzymes necessary to utilize glucuronic
acid as an energy source.
It is possible that serotonin level within the gut may also be influenced by the presence of
Ruminococcus. Specifically, Ruminococcus gnavus has been well-documented in utilizing the
enzyme tryptophan decarboxylase (125). This enzyme is responsible for converting tryptophan
into tryptamine. Tryptamine, then may act as a neurotransmitter capable of stimulating further
release of serotonin by enterochromaffin cells of the GI (125). It would not be unreasonable then,
to suggest that serotonin is capable of affecting the gut-brain axis mediated by the vagus nerve.
There was no available information regarding the role of Ruminococcus in synthesis or
metabolism of GABA, dopamine, epinephrine, or norepinephrine. However, there are reports of
beta-glucuronidase activity in Ruminococcus gnavus (126). With this activity, it is possible that
Ruminococcus gnavus is capable of reactivating glucuronide-conjugated compounds.

29
Searching the available literature for Roseburia did not yield information regarding a role in
serotonin, dopamine, GABA, norepinephrine, or epinephrine synthesis or metabolism. However,
there was available information to indicate beta glucuronidase activity in Roseburia intestinalis
and Roseburia hominis when exposed to differing growth media (124). This varied activity may
suggest an environmental or dietary sensitivity, which determines the level of activity of this
enzyme.
Similar to Ruminococcus, Blautia has also been proposed to contain a tryptophan decarboxylase
homolog capable of producing tryptamine (125). If correct, this could have a similar effect on
enterochromaffin cell serotonin production in the GI as Ruminococcus. However, no available
sources indicated a role in GABA, dopamine, epinephrine, norepinephrine, or glucuronic acid
synthesis or metabolism.
Similarly, the genera Eubacterium, Coprococcus, Megasphaera, and Dialister did not yield any
associations with production of dopamine, serotonin, GABA, norepinephrine, epinephrine or
glucuronic acid. However, Megasphaera elsdneii has been shown to be involved in metabolism
of amino acids in the human GI. Thus, it may be possible that species of Megasphaera function
to reduce the availability of amino acids to be used by the surrounding tissue. Furthermore,
utilization of the amino acids by these species supports competition between other genera that
are also capable of utilizing amino acids, such as Acidaminococcus and Lactobacillus (127).
7. Therapeutic Applications
Consider a generic extended release medication. Now, imagine that delayed release agent but
living in unison with the commensal bacteria of the GI. In that case, the medication may be
continuously synthesized in the GI of the host and be reabsorbed by the intestinal wall.
Essentially, this method achieves the same effect of an oral extended-release therapeutic, but it
allows for continued synthesis of the medication within the host. However, this is not a
permanent change, as we know the commensal bacteria continuously divide and die within the
host. The genetically modified bacteria are no different. This exemplifies the use of bacteria in
personalized medicine. Each bacterium can be uniquely modified to produce certain metabolites
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at a regulated rate. Furthermore, the metabolites produced have been specifically chosen for that
bacteria and have been shown to provide therapeutic effect. The modification of Escherichia coli
(E.coli) Nissle by Isabella et al., in 2018 is one example of utilization of a bacterial species for
treatment of a disease; in this case, it was synthesized for management of phenylketonuria (128).
Previous studies have demonstrated E.coli Nissl as a probiotic, was a model candidate for
treatment of GI conditions, given its effects on IBS (128). Furthermore, this species is readily
eliminated from the body within a period of one week and does not colonize the human GI tract
(128). With some modification based on the conditions of the GI tract, the Escherichia coli
Nissle SYNB1618 strain was produced for management of phenylketonuria (128). This strain
was genetically engineered to utilize phenylalanine ammonia lyase and L-amino acid deaminase
in order to degrade phenylalanine in the GI (128). Although it has not yet been tested in human
clinical trials, is has shown some promise in decreasing phenylalanine levels in the intestines of
phenylketonuria mouse models (128). Non-human primate models have also shown support for
the benefits of that same strain in improving phenylketonuria (128).
One similar route of therapy has been taking markets, grocery stores, and other health-focused
stores by storm. That form of therapy is colloquially known as over-the-counter probiotics.
These probiotics are carefully composed of species of bacteria, which have been determined to
produce metabolites that have some therapeutic action. The aforementioned patent for a probiotic
containing Roseburia hominis, exemplifies this new form of therapy, which has been proposed as
a treatment for a wide range of disorders. Some of those disorders include modulating host
immunity, satiety, and IBD (62). However, probiotics themselves are not a “one shoe fits all”
form of therapy. If we accept that each individual has a unique gut microbiome, then each person
may require a carefully formulated probiotic in order to avoid dysbiosis. This is one of the
hallmark limitations of a generalized probiotic therapy. Although Roseburia hominis may
produce beneficial metabolites within the host, it may only be possible to administer it to
individuals who already have a high prevalence of Roseburia hominis. Administration of this
probiotic to an individual with a relatively low level of Roseburia hominis could result in
dysbiosis and subsequent worsening of their condition. However, the previous statement will
require further study and clinical trials in order confirm or rule out that precaution.
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Another strategy for therapeutics is cell-based therapy, in which living cells are administered to
the host for some therapeutic purpose. The stem cell derivatives, among other types of cells, can
promote healing through two major pathways after administration; via replacement of damaged
cells or recruitment of local cytokines and growth factor (129). This form of delivery directly
corresponds to the idea of administration of commensal bacteria. However, a key difference
between bacteria and the cells, lies in integration. The bacteria are not truly becoming “one” with
the host, but merely living in symbiosis with it and replacing something that was previously
there. However, in stem-cell therapy sometimes the cells become part of the host by replacing
defective cells. From a lay-man’s perspective, it is also possible the idea of ingesting a probiotic
on a regular schedule may appear less stressful than changing themselves at the cellular level.
Furthermore, a once weekly oral probiotic may be more appealing than taking an oral or injected
medication for management of disease.
Here, we propose a bridge between the two previously mentioned forms of bacterial metabolic
therapy. It may be possible to create a bacterial strain that can produce metabolites with
therapeutic capabilities, which can colonize in the gut with some assistance from a regularly
scheduled probiotic. One outstanding difference between the proposed method of a probiotic
bacterial metabolite-therapy and the applied Escherichia coli Nissle SYNB1618 strain is the
ability to colonize. If species of the host commensal bacteria of the GI can be identified, then it
may be possible to engineer a personalized strain of bacteria that mimics the host microbiome.
Given the capacity for the original species to live in symbiosis in the host, the modified strain
may be able to survive in the host and produce the metabolites necessary for treatment of the
disease for that individual.
Indeed, we have identified several bacterial genera that are reportedly capable of producing and
reactivating key metabolites for the synthesis of other biologically active molecules. Those
genera are identified in Table 3.
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Phylum

Genus

121, 122

indole production

24

Bacteroides

glutamate decarboxylase, GABA production

121, 122

Parabacteroides

glutamate decarboxylase, GABA production

121, 122

tryptophan decarboxylase

125

beta glucuronidase

126

beta glucuronidase

124

tryptophan decarboxylase

125

Ruminococcus
Firmicutes

References

glutamate decarboxylase, GABA production

Alistipes
Bacteroidetes

Metabolic Activity

Roseburia
Blautia

Table 3. Metabolic Activity of Bacteroidetes and Firmicutes by Genera. Above contains the major genera
involved in affecting compounds identified in this study, including GABA, Serotonin, and glucuronic acid
conjugates and their corresponding references.

8. Conclusions
The purpose of this review has been to identify key bacterial phyla, genus and species in in
current literature, and then determine which of those species are capable of producing or
reactivating metabolites that correspond to neuropsychiatric disease. This has been done in order
to find species that may be genetically modified and utilized for live probiotic-based therapy.
Although multiple species of bacteria were identified and characterized based on their abundance
in available literature, we were not able to readily identify species that could be used for
therapeutic purposes. It is possible that species of bacteria, which are capable of producing the
aforementioned metabolites were not part of the original inclusion criteria. Furthermore, it is
possible that the aforementioned species and genera are known to be involved in production of
other metabolites not explored in this review. Despite the scarcity of information at the species
level, we were able to determine multiple genera that may show some promise in the future for
development of therapeutic agents.
This review was not without limitations, and those limitations will be explored hereafter. Within
the design of the review, the number of publications needed in phase one was chosen based on
the fact that research in the gut microbiome is a growing field. The number chosen did not
represent recent or current trends in research that may have shown increased exploration in
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certain areas. Therefore, species or genera considered scarce at the time of this review may reach
criterion in a few months. Despite this, we encourage continued research in all of the
aforementioned species, especially those which have shown scarce results.
In regard to the role of bacteria and their association with neuropsychiatric disorder, continued
work is still needed. Multiple studies, some of which were reported here, and many that were not
reported, were correlational. Although correlation may be an important step in identifying a
relationship, it should be followed with experimental design in order to elucidate an actual causal
relationship. For example, does the increase in abundance of a certain bacterial specie or strain in
patients with MDD, truly cause the disease or is there an underlying predatory relationship with
decrease in abundance of another commensal neighboring species. By exploring the relationship
between host and microbe and innovating creative strategies to study the interactions i.e.
developing novel animal models, metagenomic/metabolomic algorithms, and imaging tools, we
will be able to push the boundaries of neurobiology and microbiology.

34
Works Cited
1) Sender, R., Fuchs, S., & Milo, R. (2016). Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PLOS Biology, 14(8), e1002533.
https://doi.org/10.1371/journal.pbio.1002533
2) Claesson, M. J., O’Sullivan, O., Wang, Q., Nikkilä, J., Marchesi, J. R., Smidt, H., de Vos, W. M.,
Ross, R. P., & O’Toole, P. W. (2009). Comparative Analysis of Pyrosequencing and a
Phylogenetic Microarray for Exploring Microbial Community Structures in the Human Distal
Intestine. PLoS ONE, 4(8), e6669. https://doi.org/10.1371/journal.pone.0006669
3) Mitsuoka, T., & Hayakawa, K. (1973). [The fecal flora in man. I. Composition of the fecal flora of
various age groups]. Zentralblatt fur Bakteriologie, Parasitenkunde, Infektionskrankheiten und
Hygiene. Erste Abteilung Originale. Reihe A: Medizinische Mikrobiologie und Parasitologie, 223
2, 333-42 .
4) Hasegawa, S., Goto, S., Tsuji, H., Okuno, T., Asahara, T., Nomoto, K., … Hirayama, M. (2015).
Intestinal Dysbiosis and Lowered Serum Lipopolysaccharide-Binding Protein in Parkinson’s
Disease. PLOS ONE, 10(11), e0142164. https://doi.org/10.1371/journal.pone.0142164
5) Navarro, F., & Muniesa, M. (2017). Phages in the Human Body. Frontiers in Microbiology, 8.
https://doi.org/10.3389/fmicb.2017.00566
6) Keshavarzian, A., Green, S. J., Engen, P. A., Voigt, R. M., Naqib, A., Forsyth, C. B., … Shannon,
K. M. (2015). Colonic bacterial composition in Parkinson’s disease: COLONIC MICROBIOTA
IN PARKINSON’S DISEASE. Movement Disorders, 30(10), 1351–1360.
https://doi.org/10.1002/mds.26307
7) MetaHIT Consortium, Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., … Wang, J.
(2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature,
464(7285), 59–65. https://doi.org/10.1038/nature08821
8) Lloyd-Price, J., Mahurkar, A., Rahnavard, G., Crabtree, J., Orvis, J., Hall, A. B., … Huttenhower,
C. (2017). Strains, functions and dynamics in the expanded Human Microbiome Project. Nature,
550(7674), 61–66. https://doi.org/10.1038/nature23889
9) MetaHIT Consortium (additional members), Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D.,
Yamada, T., … Bork, P. (2011). Enterotypes of the human gut microbiome. Nature, 473(7346),
174–180. https://doi.org/10.1038/nature09944

35
10) Gupta, S., Mortensen, M. S., Schjørring, S., Trivedi, U., Vestergaard, G., Stokholm, J., …
Sørensen, S. J. (2019). Amplicon sequencing provides more accurate microbiome information in
healthy children compared to culturing. Communications Biology, 2(1), 291.
https://doi.org/10.1038/s42003-019-0540-1
11) School of Basic Sciences, Indian Institute of Technology Mandi, Kamand 175005, Mandi,
Himachal Pradesh, India, Mobeen, F., Sharma, V., School of Basic Sciences, Indian Institute of
Technology Mandi, Kamand 175005, Mandi, Himachal Pradesh, India, Prakash, T., & School of
Basic Sciences, Indian Institute of Technology Mandi, Kamand 175005, Mandi, Himachal
Pradesh, India. (2018). Enterotype Variations of the Healthy Human Gut Microbiome in Different
Geographical Regions. Bioinformation, 14(9), 560–573. https://doi.org/10.6026/97320630014560
12) Salanitro, J. P., Blake, I. G., Muirehead, P. A., Maglio, M., & Goodman, J. R. (1978). Bacteria
isolated from the duodenum, ileum, and cecum of young chicks. Applied and environmental
microbiology, 35(4), 782–790.
13) Hayashi, H. (2005). Molecular analysis of jejunal, ileal, caecal and recto-sigmoidal human colonic
microbiota using 16S rRNA gene libraries and terminal restriction fragment length polymorphism.
Journal of Medical Microbiology, 54(11), 1093–1101. https://doi.org/10.1099/jmm.0.45935-0
14) Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G., Gasbarrini, A., & Mele, M.
(2019). What is the Healthy Gut Microbiota Composition? A Changing Ecosystem across Age,
Environment, Diet, and Diseases. Microorganisms, 7(1), 14.
https://doi.org/10.3390/microorganisms7010014
15) Krieg, N. R., Staley, J. T., Brown, D. R., Hedlund, B. P., Paster, B. J., Ward, N. L., … Whitman,
W. B. (Eds.). (2010). Bergey’s Manual® of Systematic Bacteriology. https://doi.org/10.1007/9780-387-68572-4
16) Kovatcheva-Datchary, P., Nilsson, A., Akrami, R., Lee, Y. S., De Vadder, F., Arora, T., …
Bäckhed, F. (2015). Dietary Fiber-Induced Improvement in Glucose Metabolism Is Associated
with Increased Abundance of Prevotella. Cell Metabolism, 22(6), 971–982.
https://doi.org/10.1016/j.cmet.2015.10.001
17) Hong, P.-Y., Wu, J.-H., & Liu, W.-T. (2008). Relative Abundance of Bacteroides spp. In Stools
and Wastewaters as Determined by Hierarchical Oligonucleotide Primer Extension. Applied and
Environmental Microbiology, 74(9), 2882–2893. https://doi.org/10.1128/AEM.02568-07

36
18) Yehya, M., Hamze, M., Mallat, H., & Dabbousi, F. (2013). Prevalence and antibiotic
susceptibility of Bacteroides fragilis group isolated from stool samples in North Lebanon.
Brazilian Journal of Microbiology, 44(3), 807–812. https://doi.org/10.1590/S151783822013000300022
19) Chung, W. S. F., Walker, A. W., Louis, P., Parkhill, J., Vermeiren, J., Bosscher, D., … Flint, H. J.
(2016). Modulation of the human gut microbiota by dietary fibres occurs at the species level.
BMC Biology, 14(1), 3. https://doi.org/10.1186/s12915-015-0224-3
20) Senghor, B., Sokhna, C., Ruimy, R., & Lagier, J.-C. (2018). Gut microbiota diversity according to
dietary habits and geographical provenance. Human Microbiome Journal, 7–8, 1–9.
https://doi.org/10.1016/j.humic.2018.01.001
21) Dziarski, R., Park, S. Y., Kashyap, D. R., Dowd, S. E., & Gupta, D. (2016). Pglyrp-Regulated Gut
Microflora Prevotella falsenii, Parabacteroides distasonis and Bacteroides eggerthii Enhance and
Alistipes finegoldii Attenuates Colitis in Mice. PLOS ONE, 11(1), e0146162.
https://doi.org/10.1371/journal.pone.0146162
22) Kuhn, K. A., Schulz, H. M., Regner, E. H., Severs, E. L., Hendrickson, J. D., Mehta, G., …
Colgan, S. P. (2018). Bacteroidales recruit IL-6-producing intraepithelial lymphocytes in the
colon to promote barrier integrity. Mucosal Immunology, 11(2), 357–368.
https://doi.org/10.1038/mi.2017.55
23) Louis, S., Tappu, R.-M., Damms-Machado, A., Huson, D. H., & Bischoff, S. C. (2016).
Characterization of the Gut Microbial Community of Obese Patients Following a Weight-Loss
Intervention Using Whole Metagenome Shotgun Sequencing. PLOS ONE, 11(2), e0149564.
https://doi.org/10.1371/journal.pone.0149564
24) Jiang, H., Ling, Z., Zhang, Y., Mao, H., Ma, Z., Yin, Y., … Ruan, B. (2015). Altered fecal
microbiota composition in patients with major depressive disorder. Brain, Behavior, and
Immunity, 48, 186–194. https://doi.org/10.1016/j.bbi.2015.03.016
25) Hold, G. L., Pryde, S. E., Russell, V. J., Furrie, E., & Flint, H. J. (2002). Assessment of microbial
diversity in human colonic samples by 16S rDNA sequence analysis. FEMS Microbiology
Ecology, 39(1), 33–39. https://doi.org/10.1111/j.1574-6941.2002.tb00904.x
26) Rigottier-Gois, L., Rochet, V., Garrec, N., Suau, A., & Doré, J. (2003). Enumeration of
Bacteroides Species in Human Faeces by Fluorescent in situ Hybridisation Combined with Flow

37
Cytometry Using 16S rRNA Probes. Systematic and Applied Microbiology, 26(1), 110–118.
https://doi.org/10.1078/072320203322337399
27) Zhernakova, A., Kurilshikov, A., Bonder, M. J., Tigchelaar, E. F., Schirmer, M., Vatanen, T., …
Fu, J. (2016). Population-based metagenomics analysis reveals markers for gut microbiome
composition and diversity. Science, 352(6285), 565–569. https://doi.org/10.1126/science.aad3369
28) Larsen, J. M. (2017). The immune response to Prevotella bacteria in chronic inflammatory
disease. Immunology, 151(4), 363–374. https://doi.org/10.1111/imm.12760
29) Scher, J. U., Sczesnak, A., Longman, R. S., Segata, N., Ubeda, C., Bielski, C., … Littman, D. R.
(2013). Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis.
ELife, 2, e01202. https://doi.org/10.7554/eLife.01202
30) Precup, G., & Vodnar, D.-C. (2019). Gut Prevotella as a possible biomarker of diet and its
eubiotic versus dysbiotic roles: A comprehensive literature review. British Journal of Nutrition,
122(2), 131–140. https://doi.org/10.1017/S0007114519000680
31) Wen, C., Zheng, Z., Shao, T., Liu, L., Xie, Z., Le Chatelier, E., … Ehrlich, S. D. (2017).
Quantitative metagenomics reveals unique gut microbiome biomarkers in ankylosing spondylitis.
Genome Biology, 18(1), 142. https://doi.org/10.1186/s13059-017-1271-6
32) Lozupone, C. A., Li, M., Campbell, T. B., Flores, S. C., Linderman, D., Gebert, M. J., … Palmer,
B. E. (2013). Alterations in the Gut Microbiota Associated with HIV-1 Infection. Cell Host &
Microbe, 14(3), 329–339. https://doi.org/10.1016/j.chom.2013.08.006
33) Gomez, A., Espinoza, J. L., Harkins, D. M., Leong, P., Saffery, R., Bockmann, M., … Nelson, K.
E. (2017). Host Genetic Control of the Oral Microbiome in Health and Disease. Cell Host &
Microbe, 22(3), 269-278.e3. https://doi.org/10.1016/j.chom.2017.08.013
34) Graves, D. T., Corrêa, J. D., & Silva, T. A. (2019). The Oral Microbiota Is Modified by Systemic
Diseases. Journal of Dental Research, 98(2), 148–156.
https://doi.org/10.1177/0022034518805739
35) Kverka, M., Zakostelska, Z., Klimesova, K., Sokol, D., Hudcovic, T., Hrncir, T., … TlaskalovaHogenova, H. (2011). Oral administration of Parabacteroides distasonis antigens attenuates
experimental murine colitis through modulation of immunity and microbiota composition:
Bacterial components and experimental colitis. Clinical & Experimental Immunology, 163(2),
250–259. https://doi.org/10.1111/j.1365-2249.2010.04286.x

38
36) Wu, T.-R., Lin, C.-S., Chang, C.-J., Lin, T.-L., Martel, J., Ko, Y.-F., Ojcius, D. M., Lu, C.-C.,
Young, J. D., & Lai, H.-C. (2019). Gut commensal Parabacteroides goldsteinii plays a
predominant role in the anti-obesity effects of polysaccharides isolated from Hirsutella sinensis.
Gut, 68(2), 248–262. https://doi.org/10.1136/gutjnl-2017-315458
37) Sung, M. M., Kim, T. T., Denou, E., Soltys, C.-L. M., Hamza, S. M., Byrne, N. J., … Dyck, J. R.
B. (2017). Improved Glucose Homeostasis in Obese Mice Treated With Resveratrol Is Associated
With Alterations in the Gut Microbiome. Diabetes, 66(2), 418–425. https://doi.org/10.2337/db160680
38) Moreno‐Arrones, O. M., Serrano‐Villar, S., Perez‐Brocal, V., Saceda‐Corralo, D., Morales‐Raya,
C., Rodrigues‐Barata, R., … Vano‐Galvan, S. (2019). Analysis of the gut microbiota in alopecia
areata: Identification of bacterial biomarkers. Journal of the European Academy of Dermatology
and Venereology, jdv.15885. https://doi.org/10.1111/jdv.15885
39) McLuskey, K., Grewal, J. S., Das, D., Godzik, A., Lesley, S. A., Deacon, A. M., … Mottram, J. C.
(2016). Crystal Structure and Activity Studies of the C11 Cysteine Peptidase from
Parabacteroides merdae in the Human Gut Microbiome. Journal of Biological Chemistry,
291(18), 9482–9491. https://doi.org/10.1074/jbc.M115.706143
40) Yan, Q., Gu, Y., Li, X., Yang, W., Jia, L., Chen, C., … Ma, Y. (2017). Alterations of the Gut
Microbiome in Hypertension. Frontiers in Cellular and Infection Microbiology, 7, 381.
https://doi.org/10.3389/fcimb.2017.00381
41) Dooling, S. W., & Costa-Mattioli, M. (2018). Gut Bacteria Seize Control of the Brain to Prevent
Epilepsy. Cell Host & Microbe, 24(1), 3–5. https://doi.org/10.1016/j.chom.2018.06.014
42) De Vos, P., Whitman, W. B., & Bergey, D. H. (Eds.). (2009). The Firmicutes (2. ed). Dordrecht:
Springer.
43) Hold, G. L., Schwiertz, A., Aminov, R. I., Blaut, M., & Flint, H. J. (2003). Oligonucleotide Probes
That Detect Quantitatively Significant Groups of Butyrate-Producing Bacteria in Human Feces.
Applied and Environmental Microbiology, 69(7), 4320–4324.
https://doi.org/10.1128/AEM.69.7.4320-4324.2003
44) Schirmer, M., Franzosa, E. A., Lloyd-Price, J., McIver, L. J., Schwager, R., Poon, T. W., …
Huttenhower, C. (2018). Dynamics of metatranscription in the inflammatory bowel disease gut
microbiome. Nature Microbiology, 3(3), 337–346. https://doi.org/10.1038/s41564-017-0089-z

39
45) Plöger, S., Stumpff, F., Penner, G. B., Schulzke, J.-D., Gäbel, G., Martens, H., … Aschenbach, J.
R. (2012). Microbial butyrate and its role for barrier function in the gastrointestinal tract: Butyrate
and the gastrointestinal barrier. Annals of the New York Academy of Sciences, 1258(1), 52–59.
https://doi.org/10.1111/j.1749-6632.2012.06553.x
46) Quévrain, E., Maubert, M. A., Michon, C., Chain, F., Marquant, R., Tailhades, J., … Seksik, P.
(2016). Identification of an anti-inflammatory protein from Faecalibacterium prausnitzii , a
commensal bacterium deficient in Crohn’s disease. Gut, 65(3), 415–425.
https://doi.org/10.1136/gutjnl-2014-307649
47) Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermúdez-Humarán, L., Gratadoux, J., . . .
Langella, P. (2008). Faecalibacterium prausnitzii Is an Anti-Inflammatory Commensal Bacterium
Identified by Gut Microbiota Analysis of Crohn Disease Patient. Proceedings of the National
Academy of Sciences of the United States of America, 105(43), 16731-16736. Retrieved from
www.jstor.org/stable/25465163
48) La Reau, A. J., & Suen, G. (2018). The Ruminococci: Key symbionts of the gut ecosystem.
Journal of Microbiology, 56(3), 199–208. https://doi.org/10.1007/s12275-018-8024-4
49) Flint, H. J., Bayer, E. A., Rincon, M. T., Lamed, R., & White, B. A. (2008). Polysaccharide
utilization by gut bacteria: Potential for new insights from genomic analysis. Nature Reviews
Microbiology, 6(2), 121–131. https://doi.org/10.1038/nrmicro1817
50) Ze, X., Duncan, S. H., Louis, P., & Flint, H. J. (2012). Ruminococcus bromii is a keystone species
for the degradation of resistant starch in the human colon. The ISME Journal, 6(8), 1535–1543.
https://doi.org/10.1038/ismej.2012.4
51) Abell, G. C. J., Cooke, C. M., Bennett, C. N., Conlon, M. A., & McOrist, A. L. (2008).
Phylotypes related to Ruminococcus bromii are abundant in the large bowel of humans and
increase in response to a diet high in resistant starch: Effects of dietary intervention on R. bromii
abundance. FEMS Microbiology Ecology, 66(3), 505–515. https://doi.org/10.1111/j.15746941.2008.00527.x
52) Graziani, F., Pujol, A., Nicoletti, C., Dou, S., Maresca, M., Giardina, T., … Perrier, J. (2016).
Ruminococcus gnavus E1 modulates mucin expression and intestinal glycosylation. Journal of
Applied Microbiology, 120(5), 1403–1417. https://doi.org/10.1111/jam.13095

40
53) Hall, A. B., Yassour, M., Sauk, J., Garner, A., Jiang, X., Arthur, T., … Huttenhower, C. (2017). A
novel Ruminococcus gnavus clade enriched in inflammatory bowel disease patients. Genome
Medicine, 9(1), 103. https://doi.org/10.1186/s13073-017-0490-5
54) Crost, E. H., Tailford, L. E., Le Gall, G., Fons, M., Henrissat, B., & Juge, N. (2013). Utilisation of
Mucin Glycans by the Human Gut Symbiont Ruminococcus gnavus Is Strain-Dependent. PLoS
ONE, 8(10), e76341. https://doi.org/10.1371/journal.pone.0076341
55) Malinen, E. (2010). Association of symptoms with gastrointestinal microbiota in irritable bowel
syndrome. World Journal of Gastroenterology, 16(36), 4532.
https://doi.org/10.3748/wjg.v16.i36.4532
56) Takahashi, K., Nishida, A., Fujimoto, T., Fujii, M., Shioya, M., Imaeda, H., … Sugimoto, M.
(2016). Reduced Abundance of Butyrate-Producing Bacteria Species in the Fecal Microbial
Community in Crohn’s Disease. Digestion, 93(1), 59–65. https://doi.org/10.1159/000441768
57) Duncan, S. H. (2006). Proposal of Roseburia faecis sp. Nov., Roseburia hominis sp. Nov. And
Roseburia inulinivorans sp. Nov., based on isolates from human faeces. INTERNATIONAL
JOURNAL OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 56(10), 2437–2441.
https://doi.org/10.1099/ijs.0.64098-0
58) Tamanai-Shacoori, Z., Smida, I., Bousarghin, L., Loreal, O., Meuric, V., Fong, S. B., … JolivetGougeon, A. (2017). Roseburia spp.: A marker of health? Future Microbiology, 12(2), 157–170.
https://doi.org/10.2217/fmb-2016-0130
59) Flint, H. J., Barcenilla, A., Stewart, C. S., Duncan, S. H., & Hold, G. L. (2002). Roseburia
intestinalis sp. Nov., a novel saccharolytic, butyrate-producing bacterium from human faeces.
International Journal of Systematic and Evolutionary Microbiology, 52(5), 1615–1620.
https://doi.org/10.1099/00207713-52-5-1615
60) Hatziioanou, D., Mayer, M. J., Duncan, S. H., Flint, H. J., & Narbad, A. (2013). A representative
of the dominant human colonic Firmicutes, Roseburia faecis M72/1, forms a novel bacteriocinlike substance. Anaerobe, 23, 5–8. https://doi.org/10.1016/j.anaerobe.2013.07.006
61) Patterson, A. M., Mulder, I. E., Travis, A. J., Lan, A., Cerf-Bensussan, N., Gaboriau-Routhiau, V.,
… Aminov, R. I. (2017). Human Gut Symbiont Roseburia hominis Promotes and Regulates Innate
Immunity. Frontiers in Immunology, 8, 1166. https://doi.org/10.3389/fimmu.2017.01166
62) Kelly et al. (2018), 9937211B2, retrieved from
https://patentimages.storage.googleapis.com/0d/db/2b/029f19270d73f7/US9937211.pdf

41
63) Kasahara, K., Krautkramer, K. A., Org, E., Romano, K. A., Kerby, R. L., Vivas, E. I., … Rey, F.
E. (2018). Interactions between Roseburia intestinalis and diet modulate atherogenesis in a murine
model. Nature Microbiology, 3(12), 1461–1471. https://doi.org/10.1038/s41564-018-0272-x
64) Van den Abbeele, P., Belzer, C., Goossens, M., Kleerebezem, M., De Vos, W. M., Thas, O., …
Van de Wiele, T. (2013). Butyrate-producing Clostridium cluster XIVa species specifically
colonize mucins in an in vitro gut model. The ISME Journal, 7(5), 949–961.
https://doi.org/10.1038/ismej.2012.158
65) Liu, C., Finegold, S. M., Song, Y., & Lawson, P. A. (2008). Reclassification of Clostridium
coccoides, Ruminococcus hansenii, Ruminococcus hydrogenotrophicus, Ruminococcus luti,
Ruminococcus productus and Ruminococcus schinkii as Blautia coccoides gen. Nov., comb. Nov.,
Blautia hansenii comb. Nov., Blautia hydrogenotrophica comb. Nov., Blautia luti comb. Nov.,
Blautia producta comb. Nov., Blautia schinkii comb. Nov. And description of Blautia wexlerae sp.
Nov., isolated from human faeces. INTERNATIONAL JOURNAL OF SYSTEMATIC AND
EVOLUTIONARY MICROBIOLOGY, 58(8), 1896–1902. https://doi.org/10.1099/ijs.0.65208-0
66) Park, S.-K., Kim, M.-S., & Bae, J.-W. (2013). Blautia faecis sp. Nov., isolated from human
faeces. INTERNATIONAL JOURNAL OF SYSTEMATIC AND EVOLUTIONARY
MICROBIOLOGY, 63(Pt 2), 599–603. https://doi.org/10.1099/ijs.0.036541-0
67) Shin, N.-R., Kang, W., Tak, E. J., Hyun, D.-W., Kim, P. S., Kim, H. S., Lee, J.-Y., Sung, H.,
Whon, T. W., & Bae, J.-W. (2018). Blautia hominis sp. Nov., isolated from human faeces.
International Journal of Systematic and Evolutionary Microbiology, 68(4), 1059–1064.
https://doi.org/10.1099/ijsem.0.002623
68) Lawson, P. A., & Finegold, S. M. (2015). Reclassification of Ruminococcus obeum as Blautia
obeum comb. Nov. INTERNATIONAL JOURNAL OF SYSTEMATIC AND EVOLUTIONARY
MICROBIOLOGY, 65(Pt 3), 789–793. https://doi.org/10.1099/ijs.0.000015
69) Kurakawa, T., Ogata, K., Matsuda, K., Tsuji, H., Kubota, H., Takada, T., Kado, Y., Asahara, T.,
Takahashi, T., & Nomoto, K. (2015). Diversity of Intestinal Clostridium coccoides Group in the
Japanese Population, as Demonstrated by Reverse Transcription-Quantitative PCR. PLOS ONE,
10(5), e0126226. https://doi.org/10.1371/journal.pone.0126226
70) Bui, T. P. N., Schols, H. A., Jonathan, M., Stams, A. J. M., de Vos, W. M., & Plugge, C. M.
(2019). Mutual Metabolic Interactions in Co-cultures of the Intestinal Anaerostipes

42
rhamnosivorans With an Acetogen, Methanogen, or Pectin-Degrader Affecting Butyrate
Production. Frontiers in Microbiology, 10, 2449. https://doi.org/10.3389/fmicb.2019.02449
71) Kassinen, A., Krogius-Kurikka, L., Mäkivuokko, H., Rinttilä, T., Paulin, L., Corander, J., …
Palva, A. (2007). The Fecal Microbiota of Irritable Bowel Syndrome Patients Differs Significantly
From That of Healthy Subjects. Gastroenterology, 133(1), 24–33.
https://doi.org/10.1053/j.gastro.2007.04.005
72) Shatzkes, K., Tang, C., Singleton, E., Shukla, S., Zuena, M., Gupta, S., … Kadouri, D. E. (2017).
Effect of predatory bacteria on the gut bacterial microbiota in rats. Scientific Reports, 7(1), 43483.
https://doi.org/10.1038/srep43483
73) Murugesan, S., Nirmalkar, K., Hoyo-Vadillo, C., García-Espitia, M., Ramírez-Sánchez, D., &
García-Mena, J. (2018). Gut microbiome production of short-chain fatty acids and obesity in
children. European Journal of Clinical Microbiology & Infectious Diseases, 37(4), 621–625.
https://doi.org/10.1007/s10096-017-3143-0
74) Duncan, S. H., Louis, P., Thomson, J. M., & Flint, H. J. (2009). The role of pH in determining the
species composition of the human colonic microbiota. Environmental Microbiology, 11(8), 2112–
2122. https://doi.org/10.1111/j.1462-2920.2009.01931.x
75) Liu, J., Yang, H., Yin, Z., Jiang, X., Zhong, H., Qiu, D., … Li, R. (2017). Remodeling of the gut
microbiota and structural shifts in Preeclampsia patients in South China. European Journal of
Clinical Microbiology & Infectious Diseases, 36(4), 713–719. https://doi.org/10.1007/s10096016-2853-z
76) Louis, P., & Flint, H. J. (2009). Diversity, metabolism and microbial ecology of butyrateproducing bacteria from the human large intestine. FEMS Microbiology Letters, 294(1), 1–8.
https://doi.org/10.1111/j.1574-6968.2009.01514.x
77) Mondot, S., Lepage, P., Seksik, P., Allez, M., Tréton, X., Bouhnik, Y., … the GETAID. (2016).
Structural robustness of the gut mucosal microbiota is associated with Crohn’s disease remission
after surgery. Gut, 65(6), 954–962. https://doi.org/10.1136/gutjnl-2015-309184
78) Schirmer, M., Smeekens, S. P., Vlamakis, H., Jaeger, M., Oosting, M., Franzosa, E. A., … Xavier,
R. J. (2016). Linking the Human Gut Microbiome to Inflammatory Cytokine Production Capacity.
Cell, 167(4), 1125-1136.e8. https://doi.org/10.1016/j.cell.2016.10.020
79) Chia, L. W., Hornung, B. V. H., Aalvink, S., Schaap, P. J., de Vos, W. M., Knol, J., & Belzer, C.
(2018). Deciphering the trophic interaction between Akkermansia muciniphila and the

43
butyrogenic gut commensal Anaerostipes caccae using a metatranscriptomic approach. Antonie
van Leeuwenhoek, 111(6), 859–873. https://doi.org/10.1007/s10482-018-1040-x
80) Allen-Vercoe, E., Daigneault, M., White, A., Panaccione, R., Duncan, S. H., Flint, H. J., O’Neal,
L., & Lawson, P. A. (2012). Anaerostipes hadrus comb. Nov., a dominant species within the
human colonic microbiota; reclassification of Eubacterium hadrum Moore et al. 1976. Anaerobe,
18(5), 523–529. https://doi.org/10.1016/j.anaerobe.2012.09.002
81) Eeckhaut, V., Van Immerseel, F., Pasmans, F., De Brandt, E., Haesebrouck, F., Ducatelle, R., &
Vandamme, P. (2010). Anaerostipes butyraticus sp. Nov., an anaerobic, butyrate-producing
bacterium from Clostridium cluster XIVa isolated from broiler chicken caecal content, and
emended description of the genus Anaerostipes. INTERNATIONAL JOURNAL OF SYSTEMATIC
AND EVOLUTIONARY MICROBIOLOGY, 60(5), 1108–1112.
https://doi.org/10.1099/ijs.0.015289-0
82) Li, C.-J. (Ed.). (2014). Butyrate: Food sources, functions and health benefits. Nova Science
Publishers, Inc.
83) Ren, D., Li, L., Schwabacher, A. W., Young, J. W., & Beitz, D. C. (1996). Mechanism of
cholesterol reduction to coprostanol by Eubacterium coprostanoligenes ATCC 51222. Steroids,
61(1), 33–40. https://doi.org/10.1016/0039-128X(95)00173-N
84) Gérard P (2009) GI tract: microbial metabolism of steroids. In: Timmis KN (ed) Microbiology of
hydrocarbons, oils, lipids, and derived compounds, vol 4. Springer, Heidelberg, pp 3133–3140
85) Li L, Buhmann KK, Hartman PA, Beitz DC (1995) Hypocholesterolemic effect of Eubacterium
coprostanoligenes ATCC 51222 in rabbits. Lett Appl Microbiol 20:137–140
86) Li L, Baumann CA, Meling DD, Sell JL, Beitz DC (1996) Effect of orally administered
Eubacterium coprostanoligenes ATCC 51222 on plasma cholesterol concentration in laying hens.
Poult Sci 75:743–745
87) Li L, Batt SM, Wannemuehler M, Dispirito A, Beitz DC (1998) Effect of feeding of a cholesterolreducing bacterium, Eubacterium coprostanoligenes, to germ-free mice. Lab Anim 48:253–255
88) Berg JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition. New York: W H Freeman; 2002.
Section 26.4, Important Derivatives of Cholesterol Include Bile Salts and Steroid
Hormones. Available from: https://www.ncbi.nlm.nih.gov/books/NBK22339/
89) Biagi, E., Nylund, L., Candela, M., Ostan, R., Bucci, L., Pini, E., Nikkïla, J., Monti, D., Satokari,
R., Franceschi, C., Brigidi, P., & De Vos, W. (2010). Correction: Through Ageing, and Beyond:

44
Gut Microbiota and Inflammatory Status in Seniors and Centenarians. PLoS ONE, 5(6).
https://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d
90) Paraiso, I. L., Plagmann, L. S., Yang, L., Zielke, R., Gombart, A. F., Maier, C. S., Sikora, A. E.,
Blakemore, P. R., & Stevens, J. F. (2019). Reductive Metabolism of Xanthohumol and 8‐
Prenylnaringenin by the Intestinal Bacterium Eubacterium ramulus. Molecular Nutrition & Food
Research, 63(2), 1800923. https://doi.org/10.1002/mnfr.201800923
91) Duncan, S. H., & Flint, H. J. (2008). Proposal of a neotype strain (A1-86) for Eubacterium rectale.
Request for an Opinion. INTERNATIONAL JOURNAL OF SYSTEMATIC AND EVOLUTIONARY
MICROBIOLOGY, 58(7), 1735–1736. https://doi.org/10.1099/ijs.0.2008/004580-0
92) Kasai, C., Sugimoto, K., Moritani, I., Tanaka, J., Oya, Y., Inoue, H., Tameda, M., Shiraki, K., Ito,
M., Takei, Y., & Takase, K. (2015). Comparison of the gut microbiota composition between obese
and non-obese individuals in a Japanese population, as analyzed by terminal restriction fragment
length polymorphism and next-generation sequencing. BMC Gastroenterology, 15(1), 100.
https://doi.org/10.1186/s12876-015-0330-2
93) Tims, S., Derom, C., Jonkers, D. M., Vlietinck, R., Saris, W. H., Kleerebezem, M., de Vos, W.
M., & Zoetendal, E. G. (2013). Microbiota conservation and BMI signatures in adult monozygotic
twins. The ISME Journal, 7(4), 707–717. https://doi.org/10.1038/ismej.2012.146
94) Ma, N., & Ma, X. (2019). Dietary Amino Acids and the Gut-Microbiome-Immune Axis:
Physiological Metabolism and Therapeutic Prospects: Amino acids and the gut microbiome….
Comprehensive Reviews in Food Science and Food Safety, 18(1), 221–242.
https://doi.org/10.1111/1541-4337.12401
95) Dai, Z. L., Wu, G. & Zhu, W. Y. Amino acid metabolism in intestinal bacteria: links between gut
ecology and host health. Front. Biosci. 16, 1768–1786 (2011).
96) Zhou, C., Zhao, H., Xiao, X., Chen, B., Guo, R., Wang, Q., Chen, H., Zhao, L., Zhang, C., Jiao,
Y., Ju, Y., Yang, H., Fei, Y., Wang, L., Shen, M., Li, H., Wang, X., Lu, X., Yang, B., … Zhang,
X. (2019). Metagenomic profiling of the pro-inflammatory gut microbiota in ankylosing
spondylitis. Journal of Autoimmunity, 102360. https://doi.org/10.1016/j.jaut.2019.102360
97) GUTIERREZ, J., DAVIS, R. E., LINDAHL, I. L., & WARWICK, E. J. (1959). Bacterial changes
in the rumen during the onset of feed-lot bloat of cattle and characteristics of Peptostreptococcus
elsdenii n. sp. Applied microbiology, 7(1), 16–22.

45
98) Hashizume K, Tsukahara T, Yamada K, et al. (2003) Megasphaera elsdenii JCM1772T
normalizes hyperlactate production in the large intestine of fructooligosaccharide-fed rats by
stimulating butyrate production. J Nutr 133, 3187 – 3190.
99) Su Y, Yao W, Perez-Gutierrez ON, et al. (2008) Changes in abundance of Lactobacillus spp. and
Streptococcus suis in the stomach, jejunum and ileum of piglets after weaning. FEMS Microbiol
Ecol 66, 546 – 555.
100) Padmanabhan, R., Lagier, J.-C., Dangui, N. P. M., Michelle, C., Couderc, C., Raoult, D., &
Fournier, P.-E. (2013). Non-contiguous finished genome sequence and description of
Megasphaera massiliensis sp. Nov. Standards in Genomic Sciences, 8(3), 525–538.
https://doi.org/10.4056/sigs.4077819
101) Yuille, S., Reichardt, N., Panda, S., Dunbar, H., & Mulder, I. E. (2018). Human gut bacteria as
potent class I histone deacetylase inhibitors in vitro through production of butyric acid and valeric
acid. PLOS ONE, 13(7), e0201073. https://doi.org/10.1371/journal.pone.0201073
102) Downes, J. (2003). Dialister invisus sp. Nov., isolated from the human oral cavity.
INTERNATIONAL JOURNAL OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY,
53(6), 1937–1940. https://doi.org/10.1099/ijs.0.02640-0
103) Zheng, P., Li, Z., & Zhou, Z. (2018). Gut microbiome in type 1 diabetes: A comprehensive
review. Diabetes/Metabolism Research and Reviews, 34(7), e3043.
https://doi.org/10.1002/dmrr.3043
104) Maffeis, C., Martina, A., Corradi, M., Quarella, S., Nori, N., Torriani, S., Plebani, M., Contreas,
G., & Felis, G. E. (2016). Association between intestinal permeability and faecal microbiota
composition in Italian children with beta cell autoimmunity at risk for type 1 diabetes: Gut
Permeability and Microbiota in T1D. Diabetes/Metabolism Research and Reviews, 32(7), 700–
709. https://doi.org/10.1002/dmrr.2790
105) Braak, H., de Vos, R. A. I., Bohl, J., & Del Tredici, K. (2006). Gastric α-synuclein
immunoreactive inclusions in Meissner’s and Auerbach’s plexuses in cases staged for Parkinson’s
disease-related brain pathology. Neuroscience Letters, 396(1), 67–72.
https://doi.org/10.1016/j.neulet.2005.11.012
106) Holmqvist, S., Chutna, O., Bousset, L., Aldrin-Kirk, P., Li, W., Björklund, T., Wang, Z.-Y.,
Roybon, L., Melki, R., & Li, J.-Y. (2014). Direct evidence of Parkinson pathology spread from

46
the gastrointestinal tract to the brain in rats. Acta Neuropathologica, 128(6), 805–820.
https://doi.org/10.1007/s00401-014-1343-6
107) Sen, T., Cawthon, C. R., Ihde, B. T., Hajnal, A., DiLorenzo, P. M., de La Serre, C. B., & Czaja,
K. (2017). Diet-driven microbiota dysbiosis is associated with vagal remodeling and obesity.
Physiology & Behavior, 173, 305–317. https://doi.org/10.1016/j.physbeh.2017.02.027
108) McVey Neufeld, K.-A., Bienenstock, J., Bharwani, A., Champagne-Jorgensen, K., Mao, Y.,
West, C., Liu, Y., Surette, M. G., Kunze, W., & Forsythe, P. (2019). Oral selective serotonin
reuptake inhibitors activate vagus nerve dependent gut-brain signalling. Scientific Reports, 9(1),
14290. https://doi.org/10.1038/s41598-019-50807-8
109) Lyte, M., & Cryan, J. F. (Eds.). (2014). Microbial Endocrinology: The Microbiota-Gut-Brain
Axis in Health and Disease (Vol. 817). Springer New York. https://doi.org/10.1007/978-1-49390897-4
110) Li, H., & Cao, Y. (2010). Lactic acid bacterial cell factories for gamma-aminobutyric acid.
Amino Acids, 39(5), 1107–1116. https://doi.org/10.1007/s00726-010-0582-7
111) Asano, Y., Hiramoto, T., Nishino, R., Aiba, Y., Kimura, T., Yoshihara, K., Koga, Y., & Sudo, N.
(2012). Critical role of gut microbiota in the production of biologically active, free catecholamines
in the gut lumen of mice. American Journal of Physiology-Gastrointestinal and Liver Physiology,
303(11), G1288–G1295. https://doi.org/10.1152/ajpgi.00341.2012
112) Lin, P., Ding, B., Feng, C., Yin, S., Zhang, T., Qi, X., Lv, H., Guo, X., Dong, K., Zhu, Y., & Li,
Q. (2017). Prevotella and Klebsiella proportions in fecal microbial communities are potential
characteristic parameters for patients with major depressive disorder. Journal of Affective
Disorders, 207, 300–304. https://doi.org/10.1016/j.jad.2016.09.051
113) Petrov, V. A., Saltykova, I. V., Zhukova, I. A., Alifirova, V. M., Zhukova, N. G., Dorofeeva, Yu.
B., Tyakht, A. V., Kovarsky, B. A., Alekseev, D. G., Kostryukova, E. S., Mironova, Yu. S.,
Izhboldina, O. P., Nikitina, M. A., Perevozchikova, T. V., Fait, E. A., Babenko, V. V., Vakhitova,
M. T., Govorun, V. M., & Sazonov, A. E. (2017). Analysis of Gut Microbiota in Patients with
Parkinson’s Disease. Bulletin of Experimental Biology and Medicine, 162(6), 734–737.
https://doi.org/10.1007/s10517-017-3700-7

47
114) Sun, M.-F., & Shen, Y.-Q. (2018). Dysbiosis of gut microbiota and microbial metabolites in
Parkinson’s Disease. Ageing Research Reviews, 45, 53–61.
https://doi.org/10.1016/j.arr.2018.04.004
115) Cheung, S. G., Goldenthal, A. R., Uhlemann, A.-C., Mann, J. J., Miller, J. M., & Sublette, M. E.
(2019). Systematic Review of Gut Microbiota and Major Depression. Frontiers in Psychiatry, 10,
34. https://doi.org/10.3389/fpsyt.2019.00034
116) Jiang, H., Zhang, X., Yu, Z., Zhang, Z., Deng, M., Zhao, J., & Ruan, B. (2018). Altered gut
microbiota profile in patients with generalized anxiety disorder. Journal of Psychiatric Research,
104, 130–136. https://doi.org/10.1016/j.jpsychires.2018.07.007
117) Barichella, M., Severgnini, M., Cilia, R., Cassani, E., Bolliri, C., Caronni, S., Ferri, V., Cancello,
R., Ceccarani, C., Faierman, S., Pinelli, G., Bellis, G., Zecca, L., Cereda, E., Consolandi, C., &
Pezzoli, G. (2019). Unraveling gut microbiota in Parkinson’s disease and atypical parkinsonism.
Movement Disorders, 34(3), 396–405. https://doi.org/10.1002/mds.27581
118) Lin, C.-H., Chen, C.-C., Chiang, H.-L., Liou, J.-M., Chang, C.-M., Lu, T.-P., Chuang, E. Y., Tai,
Y.-C., Cheng, C., Lin, H.-Y., & Wu, M.-S. (2019). Altered gut microbiota and inflammatory
cytokine responses in patients with Parkinson’s disease. Journal of Neuroinflammation, 16(1),
129. https://doi.org/10.1186/s12974-019-1528-y
119) Jin, M., Li, J., Liu, F., Lyu, N., Wang, K., Wang, L., Liang, S., Tao, H., Zhu, B., & Alkasir, R.
(2019). Analysis of the Gut Microflora in Patients With Parkinson’s Disease. Frontiers in
Neuroscience, 13, 1184. https://doi.org/10.3389/fnins.2019.01184
120) Dhaliwal, G. (2019). Alistipes: The influence of a commensal on anxiety and depression. 3(1), 9.
121) Yunes, R. A., Poluektova, E. U., Dyachkova, M. S., Klimina, K. M., Kovtun, A. S., Averina, O.
V., Orlova, V. S., & Danilenko, V. N. (2016). GABA production and structure of gadB / gadC

48
genes in Lactobacillus and Bifidobacterium strains from human microbiota. Anaerobe, 42, 197–
204. https://doi.org/10.1016/j.anaerobe.2016.10.011
122) Strandwitz, P., Kim, K. H., Terekhova, D., Liu, J. K., Sharma, A., Levering, J., McDonald, D.,
Dietrich, D., Ramadhar, T. R., Lekbua, A., Mroue, N., Liston, C., Stewart, E. J., Dubin, M. J.,
Zengler, K., Knight, R., Gilbert, J. A., Clardy, J., & Lewis, K. (2019). GABA-modulating bacteria
of the human gut microbiota. Nature Microbiology, 4(3), 396–403.
https://doi.org/10.1038/s41564-018-0307-3
123) Martín, R., Miquel, S., Chain, F., Natividad, J. M., Jury, J., Lu, J., Sokol, H., Theodorou, V.,
Bercik, P., Verdu, E. F., Langella, P., & Bermúdez-Humarán, L. G. (2015). Faecalibacterium
prausnitzii prevents physiological damages in a chronic low-grade inflammation murine model.
BMC Microbiology, 15(1), 67. https://doi.org/10.1186/s12866-015-0400-1
124) Dabek, M., McCrae, S. I., Stevens, V. J., Duncan, S. H., & Louis, P. (2008). Distribution of Î2glucosidase and Î2-glucuronidase activity and of Î2-glucuronidase gene gus in human colonic
bacteria: Î2-Glycosidase activity in human gut bacteria. FEMS Microbiology Ecology, 66(3), 487–
495. https://doi.org/10.1111/j.1574-6941.2008.00520.x
125) Williams, B. B., Van Benschoten, A. H., Cimermancic, P., Donia, M. S., Zimmermann, M.,
Taketani, M., Ishihara, A., Kashyap, P. C., Fraser, J. S., & Fischbach, M. A. (2014). Discovery
and Characterization of Gut Microbiota Decarboxylases that Can Produce the Neurotransmitter
Tryptamine. Cell Host & Microbe, 16(4), 495–503. https://doi.org/10.1016/j.chom.2014.09.001
126) Beaud, D., Tailliez, P., & Anba-Mondoloni, J. (2005). Genetic characterization of the βglucuronidase enzyme from a human intestinal bacterium, Ruminococcus gnavus. Microbiology,
151(7), 2323–2330. https://doi.org/10.1099/mic.0.27712-0

49
127) Dai, Z., Wu, Z., Hang, S., Zhu, W., & Wu, G. (2015). Amino acid metabolism in intestinal
bacteria and its potential implications for mammalian reproduction. Molecular Human
Reproduction, 21(5), 389–409. https://doi.org/10.1093/molehr/gav003
128) Isabella, V. M., Ha, B. N., Castillo, M. J., Lubkowicz, D. J., Rowe, S. E., Millet, Y. A.,
Anderson, C. L., Li, N., Fisher, A. B., West, K. A., Reeder, P. J., Momin, M. M., Bergeron, C. G.,
Guilmain, S. E., Miller, P. F., Kurtz, C. B., & Falb, D. (2018). Development of a synthetic live
bacterial therapeutic for the human metabolic disease phenylketonuria. Nature Biotechnology,
36(9), 857–864. https://doi.org/10.1038/nbt.4222
129) Buzhor, E., Leshansky, L., Blumenthal, J., Barash, H., Warshawsky, D., Mazor, Y., &
Shtrichman, R. (2014). Cell-based therapy approaches: The hope for incurable diseases.
Regenerative Medicine, 9(5), 649–672. https://doi.org/10.2217/rme.14.35

