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Preface to ”Skin-Gut-Breast Microbiota Axes”

The “skin-gut-breast microbiota axis” comprises the network of connections—involving

multiple biological systems—that allows for relational communication between the gut-skin axis,

breast bacteria, and our body. This system is finely regulated, and it is crucial for maintaining the

homeostasis of skin integrity, the gastrointestinal tract, and the central nervous system of humans.

This network of microorganisms is known to be relevant to our health. This book describes the

mechanisms of, opportunities for, and approaches to studying this system and how to harness it

to improve human health.
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Abstract: Sulfate-reducing bacteria (SRB) are often isolated from animals and people with ulcerative
colitis and can be involved in the IBD development in the gut–intestine axis. The background of the
research consisted of obtaining mixed cultures of SRB communities from healthy mice and mice with
colitis, finding variation in the distribution of their morphology, to determine pH and temperature
range tolerance and their possible production of hydrogen sulfide in the small–large intestinal
environment. The methods: Microscopic techniques, biochemical, microbiological, and biophysical
methods, and statistical processing of the results were used. The results: Variation in the distribution
of sulfate-reducing microbial communities were detected. Mixed cultures from mice with ulcerative
colitis had 1.39 times higher production of H2S in comparison with samples from healthy mice.
The species of Desulfovibrio genus play an important role in diseases of the small–large intestine axis.
Meta-analysis was also used for the observation about an SRB occurrence in healthy and not healthy
individuals and the same as their metabolic processes. Conclusions: This finding is important for its
possible correlation with inflammation of the intestine, where the present of SRB in high concentration
plays a major part. It can be a good possible indicator of the occurrence of IBD.

Keywords: bowel disease; colitis; small–large intestine axis; sulfate reduction; hydrogen sulfide

1. Introduction

Sulfate-reducing bacteria (SRB) represent probably a trigger for the occurrence of inflammatory
bowel diseases (IBD) since studies are connecting their presence with these diseases, especially their
metabolic end product H2S in the gut [1,2]. Other ailments (including rheumatic diseases and with
ankylosing spondylitis) occur also in their presence [3]. SRB use sulfate as an electron acceptor in the
process of dissimilatory sulfate reduction. The final product of this process is hydrogen sulfide [4].
Constant microorganism cultivation is happening in the large intestine since certain undigested food
remains in it. [1,2]. Around 200 g of digestive material is found in the large intestine of an adult
human [2,3,5,6]. These bacteria are in the fermentation process can cleave complex organic compounds
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and form molecular hydrogen, different acids (acetic and lactic), same as other compounds. Lactic acid
bacteria fermentative properties are directly responsible for the production of lactate [4]. Other groups
of microorganisms can also use lactate and acetate, serving as electron donors and carbon sources [7–12].
The important role of human physiological processes is their capability to absorb sulfate and develop
amino acids out of it (cysteine and methionine). The amount of the sulfate present in the intestine
is related to human diet [13–16], meaning that it is highly influenced by individual’s eating habits.
The importance of daily sulfate intake can be overseen by the fact that staple food commodities
represent high sulfate sources (>10 μmol/g) [13].

Although, sulfate amounts that are not used in amino acid synthesis represent good conditions
for SRB [1,4,17–21]. SRB needs electron acceptor (sulfate serves this purpose) and they form hydrogen
sulfide as their final product [22–27]. An exogenic electron donor, including lactate can be also
used and oxidized to acetate [18,28]. The dominant SRB in the intestine of humans is Desulfovibrio
genus [5,22,28]. The studies are emphasized connections between the presence of SRB in the intestines
and the prevalence of ailments, such as cholecystitis, brain abscesses, and abdominal cavity ulcerative
enterocolitis. Sulfate-reducing bacteria are not the only ones that produce H2S in the intestinal content.
Numerous bacterial groups convert cysteine to H2S, pyruvate, and ammonia by cysteine desulfhydrase
activity [2–4,12].

Though connections have been found, it is still not clear how these processes are affecting the
prevalence of certain ailments. Meta-analysis is used widely in medical research, as in natural science.
It is included in systematic reviews as a rigorous method for mapping the evidence gained by many
authors. The meta-analysis should provide unbiased overviews of multiple results and should assess
evidence quality and synthesize it. The first step of a systematic review is the research question that
is deconstructed by sample consideration, the second step is intervention and then come outcome
and comparator. The outcome of the meta-analysis depends on the study field, but in many cases,
quantitative results are used [29].

The aim of the research was to compare a variation in the morphological distribution of
sulfate-reducing microbial communities from healthy mice and mice with colitis, their production of
hydrogen sulfide, and to study the occurrence of these bacterial populations during diseases of the
small–large intestine axis.

2. Experimental Section

2.1. Manipulation with Animals

Male C57Bl/6 mice (20 g ± 2 g) were obtained from the Animal Breeding Facility of Masaryk
University (Brno, Czech Republic). They were kept under standard conditions (22 ± 2 ◦C, 50 ± 10%
relative humidity) and alternating 12 h light/dark cycles. The animals had access to a standard diet and
drinking water ad libitum. Manipulations with the animals were carried out according to the bioethical
rules as per the principles of the “European Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes” adopted in Strasbourg in 1986. The study was
also approved by the “Commission for the Protection of Animals against Cruelty” and the Ethics
Committee of the University of Veterinary and Pharmaceutical Sciences in Brno, Czech Republic.
In total, six animals in two groups (4 + 2 animals in the first and second group, respectively) were
randomly separated and used in this experiment. In the dextran sulfate sodium (DSS) group (n = 4),
colitis was induced by administering 5% (w/v) DSS (MP Biomedicals, Illkirch-Graffenstaden, France,
MW 36,000–50,000 Da) in drinking water for 7 days. The mice in the intact group (n = 2) received
drinking water only. On the last day of the experiment, the animals were killed by decapitation
under isoflurane anesthesia. The isolated distal colonic segments were selected for the analysis of the
qualitative and quantitative composition of intestinal microflora of both groups of the animals.
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2.2. Bacterial Mixed Cultures

The material used for the study consisted out of mixed sulfate-reducing bacteria cultures that
were isolated from feces of healthy and with ulcerative colitis mice. After the autopsy, the samples
were placed in the tubes. The bacteria were studied as mixed cultures because the aim of the study was
not the purification of SRB. Mixed cultures were kept at the Laboratory of Anaerobic Microorganisms
of the Department of Experimental Biology at Masaryk University (Brno, Czech Republic).

2.3. Cultivation of SRB Cultures

SRB cultures were cultivated according to Kovac and Kushkevych (2017) [30] and Postgate
(1984) in a modified Postgate C medium [23]. Mohr’s salt (ammonium iron sulfate hexahydrate,
Sigma-Aldrich, Prague, Czech Republic) was used as a simple growth detection. Ferrous salt forms
reacted with sulfide produced by SRB (dark black precipitate of FeS) and indicated the presence of
SRB (the presence of dissimilatory sulfate reduction). Due to the method, it was possible to optically
determine the presence of metabolic activity qualitatively and quantitatively.

The cultures were kept in medium with Mohr’s salt and without is since color changes are not
desirable for spectrophotometric and turbidimetric methods. In cultures kept in medium without
Mohr’s salt, the SRB can be detected by the sharp smell of hydrogen sulfide same as by optical turbidity.
The medium was sterilized (pH 7.5–7.7, Eh = −100 mV). Redox potential was adjusted by Na2S
(Sigma-Aldrich, Prague, Czech Republic) and ascorbic acid (Sigma-Aldrich, Prague, Czech Republic).
The anoxic atmosphere was ensured by the nitrogen gas addition, inhibiting oxygen from the air to
diffuse into the medium. The oxygen proof layer was secured by the addition of paraffin (Sigma-Aldrich,
Prague, Czech Republic) drops to each cultivation tube. The strains were able to grow 10 days under
these conditions.

The long storage (up to one month) conditions for cultures were provided by Postgate B medium
with the addition of Mohr’s salt. In this medium there is always tending of bacteria to descend to the
bottom of the tube due to the presence of the precipitate. Bacteria usually stick to the walls of the tube
when is used modified Postgate C medium.

2.4. Description of Morphology

Microscope Olympus BX50 (lympus, Japan) was used for the observation of cells.
Phase-contrast microscopy is a technique that allows images of transparent specimens (living

cells). The advantage of this technique is the possibility to do the measuring without cell killing since
cells can be monitored with real-time motility. The bacterial suspension (a drop) was placed on a glass
slide. The slide (cover glass added to the top of bacterial suspension) was analyzed immediately after
immersion and with 100× objective.

The Gram staining method provides observation of gram-positive and gram-negative bacteria
by differential staining with the use of crystal violet-iodine complex and a safranin counterstain.
Gram-positive bacteria appear purple after treatment with alcohol while gram-negative bacteria appear
pink. After drying samples were microscopically observed, including oil immersion 100× objective.

Capsule staining. Acidic and basic stains cannot be used for bacterial capsules. Therefore, the best
way to visualize them is to stain the background using an acidic dye (e.g., nigrosine, Congo red) and to
stain the cell itself using a basic stain (e.g., crystal violet, safranin, methylene blue). One drop of Congo
red dye was mixed with one drop of bacterial suspension on a glass slide. After spreading throughout
the slide and letting dry, it was immersed in hydrochloric acid (4 mol/L) and after a few seconds, it was
let dry again. Subsequently, methylene blue dye was added on the slide and it was let standing for
three minutes. After three minutes, the slide was washed with deionized water, dried, and observed
with immersion oil and 100× objective. The cells were stained blue and their capsules remained white
and visible on a dark background.
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DAPI (4′,6-diamidino-2-phenylindole) staining is a fluorescent dye, binding by preference to the
AT-rich regions of DNA [31]. Microorganisms with thick cell walls can be stained with DAPI after
permeabilization of the cell wall by ethanol. For this type of microscopy, using a 48-hour old culture
was found most suitable. A 48-h-old cell suspension of a volume 25 μL to 100 μL was diluted in several
ml of MiliQ deionized water and washed by vacuum filtration. After washing, the filtration paper with
cells was let dry. Consequently, 20 μL of DAPI stain (Sigma-Aldrich, Prague, Czech Republic) was
applied and the filtration paper with cells was kept in the dark in a refrigerator for 10 min. After that,
the filtration paper was washed in water, ethanol, and water, respectively, and let dry. Next, it was put
on a glass slide with immersion oil applied both under and over the filtration paper with cells, and the
slide was observed in a microscope, using WU filter (Sigma-Aldrich, Prague, Czech Republic) and
100× objective.

2.5. pH Tolerance and Temperature Range Test

As measured before, the optimal pH for the cultivation of intestinal SRB is from 7 to 8 [15].
The measuring was done by performing a simple pH test. The modified Postgate C medium was
prepared by adjusting various pH values, performed by adding drops of sodium hydroxide (aqueous
solution) and hydrochloric acid (aqueous solution), respectively. CyberScan 510 pH-meter (PreSens,
Regensburg, Germany) was used to measure the exact pH values (pH ranged from 4 to 12). Media
were heated to 37 ◦C in Wasserman tubes inoculums (obtained from healthy and not healthy mice) of
cultures. Paraffin oil (500 μL) was added on the top of the medium to provide an oxygen-proof layer.
The optical density of the suspension was measured at 430 nm using spectrophotometer Spectronics
Genesys 5 (Thermo Fisher Scientific, Prague, Czech Republic). Blank samples were media without
inoculum. Optical density was measured after 24 h of cultivation again. Bacteria were added in
Eppendorf tubes and placed in thermostats (1-CUBE, Havlickuv Brod, Czech Republic) set at 5, 25,
35, 45, 50, and 60 ◦C. Optical density was measured at 430 nm using Spectronic Genesys 5, after 72 h
of cultivation.

2.6. Production of Hydrogen Sulfide

Spectrophotometrical methylene blue method was used for measuring the presence of hydrogen
sulfide in solution [32]. The bacterial suspension (1 mL) was pipetted to 5 mL of aqueous zinc acetate
(5 g/L). 2 mL of p-aminodimethylaniline (Sigma-Aldrich, Prague, Czech Republic) solution (0.75 g/L in
2 M sulfuric acid) was added immediately and the solution was let stand at room temperature for 5 min.
0.5 mL of ferric chloride (FeCl3) (12 g/L in 0.015 M sulfuric acid) solution was consequently added.
The solution was centrifuged at 2200 RPM (10 ◦C for 5 min). After centrifuging, the samples lost the
original light pink color and had a blue color. The absorbance was measured at 665 nm by Spectronic
Genesys 5 spectrophotometer. The procedure for blank sample preparation included preparation that
a clear cultivation medium was added in step 1. The concentrations used for calibration solutions
ranged from 6 μmol/L to 100 μmol/L (Figure 1).

Figure 1. The calibration used for the determination of sulfide concentrations.

4



J. Clin. Med. 2019, 8, 1656

2.7. Statistical Analysis

Using the experimental data, the basic statistical parameters (M—mean, m—standard error,
M ±m) were calculated. The accurate approximation was when p ≤ 0.0533 [33]. Statistical analysis
was done by SPSS 20 statistical software (IBM Corporation, Armonk, NY, USA). Plots were built by
software package Origin 7.0 (Northampton, MA, USA).

Meta-analysis consisted of studies found on the WEB OF KNOWLEDGE database. The database
found 38 studies, from the year 1945 to 2019.considering sulfate-reducing bacteria. Only six studies
were included in the meta-analysis since other studies did not satisfy the specific hypothesis of the
study. The Review Manager Software (Cochrane, Brno, Czech-Republic) (number 5.3 developed
by Cochrane Collaboration) was used. In the included studies the data consisted of the number of
participants with the positive occurrence of the SRB bacteria in the group of healthy people and
people with ulcerative colitis. In other studies, the data consisted of the mean, standard deviation and
the number of the measurements. Heterogeneity was expressed by the I2 test, where the higher I2

represented a higher heterogeneity.

3. Results

The vibrio shape was a dominant shape of the cells, as expected. Though they are very small and
thin that makes them very often hard to be observed. These cells were marked as Desulfovibrio sp.
Due to their characteristic shape, gram negativity and flagellar motility (Figure 2). Very abundant were
also cells, oval form. Chain and cluster shaped had cocci that were larger than vibrios, same as some
rod shape cells were observed too. Rods have almost similar characteristics as cocci. Not abundantly
spirilloid forms of bacteria were present too. They had long shape and were very thin, curved multiple
times (maximum twelve curves) (Figure 2A). They had long, polar flagella that are responsible for
rapid movement. Gram-negative bacteria only were not only present in SRB cultures isolated from
rodents (Figure 2B).

Figure 2. Sulfate-reducing bacteria (SRB) mixed culture: native slide (A), Gram staining (B), capsule
staining (C), DAPI staining (D).
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Desulfotomaculum is rod-shaped (stained Gram-positive) (representing non-SRB genera in the gut)
can be seen in Figure 2C since it has a short rod oval shape. According to the previous microscopic
technique, cocci can be encapsulated or not. More often encapsulated cocci are present in pairs.
The formation of capsules occurs probably due to a non-favorable environment, such as high hydrogen
sulfide concentrations due to sulfate-reducing bacteria presence. It is important to stress out that
capsule formation is not defined as SRB characteristic. DAPI (4′,6-diamidino-2-phenylindole) staining
is compliant with the observations made by the previous technique (Figure 2D). The most abundant was
vibrio cell-shape. SRB present in the gut isolate was probably Desulfovibrio sp., according to literature
data that is describing them as the most frequently isolated species in the intestinal inflammation
environment. Cocci were confirmed by DAPI staining since they are significantly brighter and
larger than other cells. The findings that DAPI cultures bind to DNA molecules indicate that some
oval-shaped have more DNA than others, meaning that they are unrelated to each other. Different
sizes of cocci, gained by previous techniques, is supporting this interpretation. These cells were found
in multiple isolates because thin rods of exceeding length were found by DAPI staining. These cells
represent a common microbiome in the intestines that are capable to survive in conditions designed for
SRB cultivation.

The fastest bacterial growth and viability, measured spectrophotometrically OD430 (Figure 3),
was detected after 24 h of cultivation at 37 ◦C and pH from 8.0 to 9.0. A significant drop in viability
was observed at pH 10. The absence of black precipitate was observed in tubes with Mohr’s salt and
pH > 10 (Figure 3A). This result is indicating a threshold limit pH ≥ 10 both for sulfate-reducers and
other (contaminating) species. The values did not reach zero value but were stabilized at around
30–40% of maximum bacterial growth. It means that bacteria were capable to survive and divide at
this pH, reaching an optical density of 0.3. Black precipitate occurred at all pH values, meaning that
bacteria can survive a longer time period before starting to metabolize and produce hydrogen sulfide.
The changing of color in the tubes at pH 11 and 12 occurred due to basic conditions. It means that the
measured values of optical density can be explained by the extreme pH effect.

Figure 3. Various pH (A) and temperature (B) influence on relative viability of SRB cultures.

After 72 h of cultivation bacterial growth of all samples was observed. SRB cultures can grow at
various ranges of temperature conditions, not only at 37 ◦C, though the fastest growth occurred at
temperature ranges from 37 ◦C to 45 ◦C. Another observation was that cells survived for three days at
50 ◦C and died on the temperatures higher than 60 ◦C and at the temperature of 5 ◦C (no bacterial
growth, no hydrogen sulfide production, black precipitate not occurred and low OD430 values were
measured. The growth was slow at a temperature of 25 ◦C. The relative viability values of SRB are
shown in Figure 3B.

The concentrations of H2S in time change according to cell number, same as their metabolic activity
rate. The maximum measured hydrogen sulfide concentrations were measured after 48 h of cultivation
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(Figure 4). After 48 h of cultivation H2S concentrations decreased due to the decrease in relative
substrate concentration in the medium, though H2S can clear out from the medium. H2S is present
in a soluble form in the medium and can be released as the gaseous phase (the presence of a bubble
under the lid, accompanied by hydrogen sulfide sharp smell) into the environment. Consequently,
sulfide concentrations dropped at the beginning of the cultivation. After six hours of cultivation,
soluble sulfide was eliminated into gaseous phase and it was a point where the lowest H2S levels were
detected. Mixed cultures from mice with ulcerative colitis had 1.39 times higher production of H2S
in comparison with samples from healthy mice. The maximal difference was 20 μmol/L after 48 h
of cultivation.

Figure 4. Amount of hydrogen sulfide in cultivation medium in 72 h.

It should be noted that sulfate-reducing microbial communities from healthy mice and mice
with colitis were used only as of the model objects for confirmation of morphology distribution
and hydrogen sulfide production in different groups of animals (healthy and with ulcerative colitis).
Another part of the study consisted of a literature data overview that was conducted by meta-analysis.
This method was used for comparing SRB prevalence in healthy individuals and people with developed
inflammatory bowel disease. The occurrence of SRB in a group of healthy people and patients with
ulcerative colitis (UC) was studied (Figure 5). The location of the square on the right side means that
not healthy people are more likely to experience SRB. A significant difference in the occurrence of SRB
in healthy people can be observed in the first study [34]. The other two studies [5,35] already touch the
zero effect line at a 95% confidence interval, so there is no significant difference. The diamond can then
be seen on the right side. Summary of the studies found that SRB is less common in healthy people
than in people with UC.

Figure 5. The occurrence of SRB in a group of healthy people and patients with UC.

The production of hydrogen sulfide occurs in the process of dissimilatory sulfate reduction,
where tree main enzymes are involved. Since the species of Desulfovibrio genus were dominant among
SRB in both mice and people with ulcerative colitis, the activity of the enzymes involved in the
processes of sulfate reduction in Desulfovibrio and other intestinal SRB Desulfomicrobium was compared
(Figure 6). In the case of enzyme activity in cell-free extracts, it was found that in all cases it had
the lower enzymatic activity of Desulfomicrobium sp. phosphotransacetylase and pyruvate-ferredoxin
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activity was more or less the same in Desulfovibrio bacteria. Thus, it can be argued that the activity
of Na+/K+ ATPase is the highest of the investigated enzymes in the cell-free extracts of Desulfovibrio.
Similar results were observed in soluble fractions. The activity of Na+/K+ ATPase is highest in
Desulfovibrio than Desulfomicrobium in all enzymes examined. In the case of sediment fractions, higher
Na+/K+ ATPase activity was again found in Desulfovibrio bacteria and no activity was observed in
both Desulfovibrio and Desulfomicrobium in the other investigated enzymes, phosphotransacetylase,
and pyruvate-ferredoxin oxidoreductase.

Figure 6. Enzyme activity in Desulfovibrio and Desulfomicrobium.

Thus, the contribution of sulfate-reducing microbial communities, especially of the Desulfovibrio
genus, in both groups of healthy people and patients with UC and enzymatic activities of bacterial
cells is based on a meta-analysis is obvious. Though, the number of studies is certainly not enough for
a stronger conclusion.

4. Discussion

Important factors that influence the intestinal environment are sulfate consumption, sulfide
production, lactate consumption and acetate accumulation [7–10]. Very often Desulfovibrio genus is
present in the intestines and feces of people and animals with inflammatory bowel disease, meaning
that this genus plays an important role in the development and occurrence of this ailment. Sulfate is
used as a terminal electron acceptor by these bacteria, the same as organic compounds are used as
electron donors in their metabolism [6,7]. Leading us to the conclusion that sulfate in food commodities
(some bread, soya flour, dried fruits, brassicas, and sausages, as well as some beers, ciders, and wines)
play an important role in the development of bowel disease [13].

The principal component analysis showed that the Desulfovibrio strains from individuals with
colitis grouped in one cluster by biomass accumulation and sulfide production, while the strains
from healthy individuals formed another cluster that included the same parameters. A negative
correlation (Pearson correlations, p< 0.01) was found between sulfate and lactate consumption. Biomass
accumulation and hydrogen sulfide showed lower linear regression (R2). The kinetic parameters,
biomass accumulation, and sulfide production have an important role in bowel inflammation, including
ulcerative colitis. Acetate produced by SRB probably has a synergy interaction with H2S since sulfate
consumption and lactate oxidation represent minor factors in bowel disease [16].

Optimum growing conditions for the bacteria were provided by the study. The intensive growth
of D. piger Vib-7 was observed in the presence of higher electron acceptor and donor concentrations.
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Consequently, the intensive accumulation of sulfide and acetate occurs too. According to previous
studies and literature data, these conditions are the probable cause of ulcerative colitis, leading to
bowel cancer. Hydrogen sulfide negatively affects intestinal mucosa, epithelial cells, the growth
of colonocytes [4,14–18,36–39], causes phagocytosis, causes the death of intestinal bacteria [4,12,24],
and induces hyperproliferation and metabolic abnormalities of epithelial cells [12]. The presence of SRB
and high level of metabolites are also connected with colon inflammation [4,6,38]. Hydrogen sulfide
concentrations are regulating the integrity of colonocytes [37–39]. In the samples of individuals with
ulcerative colitis was also found that SRB sulfide production is higher [5,6]. According to another study
dealing with the SRB metabolic process was found that the strains isolated from people with colitis
shifted to the right side of the Y-axis by biomass accumulation, sulfate consumption, lactate oxidation,
same as hydrogen sulfide and acetate production, in comparison with the strains isolated from healthy
individuals. The percentages were differences observed in shifting to the right side of the Y-axis:
biomass accumulation 26%, sulfate consumption 1.5%, and sulfide production 5% [14]. The intestinal
microbiota is a complex system, interactions occur between clostridia, methanogens, lactic acid bacteria,
etc. Though, SRB plays a central role in the development of IBD, including ulcerative colitis [1–3,11].
Lactic acid bacteria, methanogens, and many other intestinal microorganisms can be inhibited by
hydrogen sulfide produced by SRB [2].

Preservatives added to food often contain sulfur oxides, sulfate polysaccharides (mucin),
chondroitin sulfate, carrageenan, and other food commodities represent the source of sulfate and lead
to evaluated sulfate intake in the daily diet that leads to increase of hydrogen sulfide concentrations
produced by SRB. The western diet contains over 16.6 mmol sulfate/day [13] and the feces of about
50% of healthy individuals contain SRB (Desulfovibrio: up to 92%) [1,5,24]. On the other hand, the
concentrations of hydrogen sulfide are toxic not only for the intestinal environment but also for their
producers. The concentrations higher than 6 mM stop the growth of Desulfovibrio, but metabolic activity
was not 100% inhibited (the results supported by cross-correlation and principal component analysis).
5 mM concentrations of H2S resulted in two times and eight times longer lag phase and generation time,
respectively [18]. It should be noted that clostridia can also produce hydrogen sulfide, but in smaller
quantities and can be interacted with SRB [40] Terminal oxidative processes in the large intestine of
humans can be also included in the activities of SRB. The connections between SRB presence and
activity in the intestine and occurrence of ulcerative colitis were also found in animal studies where
SRB isolated from mice with UC produced 1.14 times (higher hydrogen sulfide production rate can
damage aggressively intestinal mucosa) more sulfide ions than SRB isolates from healthy mice [6].

It is of crucial importance that all issues concerning H2S metabolic processes and its influence on
the gastrointestinal environment are well studied and tested. Since it has been observed in animal
studies that H2S-releasing agents can be seen as promising therapeutic agents for many indications [41].
H2S is confirmed to represent an important signaling factor for cardiovascular and nervous systems
statute [42]. The way how cecal musoca protects itself from the toxical effects of H2S is the conversion
to thiosulfate. Consequently, these metabolic pathways play an important role in the occurrence of
ulcerative colitis [43]. The importance of similar studies can be seen through the fact that mechanisms
leading to Chron’s disease still remain unclear [44].

According to meta-analysis, SRB occurs more often in patients with UC. The finding can be
explained by the fact that counts of SRB are lower (though still detectable) in healthy individuals.
Oppositely, in patients with developed inflammatory bowel disease, the production of H2S reaches
toxic levels and also destroyed its producers (sulfate-reducing bacteria) [15].

5. Conclusions

Sulfate-reducing bacteria are present in various environments and they make a high impact on
animal and human health since their presence is a possible contributing factor in the development
of inflammatory bowel diseases. Their morphology (vibrio, spiral, rods, and cocci) and diversity
are highly influenced by environmental conditions including temperature, pH, oxygen presence and
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substrate availability. Unique in nature is anaerobic sulfate-reducing bacteria metabolism in which
hydrogen sulfide is produced in the process of electron acceptors (mainly sulfate ions) reduction (the
process of dissimilatory sulfate reduction). The study clearly showed that mixed SRB cultures obtained
from healthy and with ulcerative mice were equally polymorphic (the most often vibrio and coccus
shape occurred). Though, the production of hydrogen sulfide differs significantly among isolated
cultures. It was observed that isolates from not healthy mice produced higher hydrogen sulfide
amounts. This observation is emphasizing correlations between intestine inflammation occurrence and
hydrogen sulfide concentrations. The meta-analysis confirmed these correlations. Presently, it is still
not fully understood the occurrence processes of inflammatory bowel diseases, including ulcerative
colitis. Though, the study is emphasizing one more time that the occurrence of SRB in the samples
with developed IBD is pointing out the importance of issues concerning sulfate-reducing bacteria.
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28. Kushkevych, I.; Dordević, D.; Kollar, P.; Vítězová, M.; Drago, L. Hydrogen Sulfide as a Toxic Product in
the Small–Large Intestine Axis and its Role in IBD Development. J. Clin. Med. 2019, 8, 1054. [CrossRef]
[PubMed]

29. Mallett, R.; Hagen-Zanker, J.; Slater, R.; Duvendack, M. The benefits and challenges of using systematic
reviews in international development research. J. Dev. Eff. 2012, 4, 445–455. [CrossRef]
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Abstract: Accumulating evidence indicates the potential effect of microbiota on the pathogenesis
and course of schizophrenia. However, the effects of olanzapine, second-generation antipsychotics,
on gut microbiota have not been investigated in humans. This study aimed to analyze fecal
microbiota in schizophrenia patients treated with olanzapine during six weeks of their hospital
stay. After a seven-day washout from all psychotropic medications, microbiota compositions were
evaluated at baseline and after six weeks of hospitalization using 16S rRNA sequencing. The study
was conducted in 20 inpatients, who followed the same hospital routine and received 5–20 mg
daily doses of olanzapine. Olanzapine treatment was associated with clinical improvements in all
patients and significant increases in body mass index in females, but not changes in gut microbiota
compositions and predicted function. The severity of symptoms at the beginning of treatment varied
in accordance with the predicted metabolic activity of the bacteria. The present findings indicate that
the microbiota of schizophrenia patients is highly individual and has different taxonomical (Type 1,
with a predominance of Prevotella, and Type 2 with a higher abundance of Bacteroides, Blautia and
Clostridium) and functional clusters, and it does not change following six weeks of olanzapine therapy;
in addition, the microbiota is not associated with either the weight gain observed in women or the
effectiveness of olanzapine therapy.

Keywords: microbiota; schizophrenia; olanzapine administration; weight gain

1. Introduction

More than 21 million people worldwide suffer from schizophrenia (SZ) [1]. A growing body of
studies has shown the role of the gut–brain axis dysregulation in the pathophysiology of SZ. Subclinical
inflammation, aberrant monoamine metabolism, and abnormal hypothalamic–pituitary–adrenal axis
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activation have been widely reported in patients with SZ [2–5] and are associated with microbiota
alterations [6–9]. For instance, Schwartz et al. [10] found elevated abundance of Lactobacillaceae,
Halothiobacillaceae, Brucellaceae, and Micrococcineae and lowered counts of Veillonellaceae in a
cohort of SZ patients; in addition, greater microbial abnormalities, lower remission rates, and poorer
responses to therapy, as well as decreased microbiome α-diversity index and altered gut microbial
composition, were observed in SZ patients [11]. Although mechanisms underlying the potential effect
of microbiota on the pathogenesis and course of SZ are yet to be determined, chronic inflammation [12]
and altered tryptophan metabolism [13,14] have been suggested to be implicated in the pathogenesis
of SZ. However, gut microbiota-associated biomarkers that would hold clinical utility have not been
indicated to date.

Olanzapine (OLZ), one of the most widely used second-generation antipsychotics (SGAs) [15],
has multiple adverse effects, including weight gain, dyslipidemia, impaired glucose metabolism,
and hypertension [16–19]. These metabolic adversities may occur shortly after treatment implementation
and progress with treatment duration [20–22]. Importantly, the first year of antipsychotic treatment
is a critical period for weight gain and other metabolic adverse effects [23]. Notably, weight gain at
the beginning of OLZ therapy can be used to predict long-term outcomes related to cardiovascular
comorbidity. Therefore, dietary counseling and weight management, including regular bodyweight
measurements, should be implemented as soon as the OLZ therapy begins [24,25]. However, weight gain
is of multifactorial nature [20,26–28], and, to date, no effective therapeutic strategies could prevent
weight gain in patients treated with OLZ.

A few studies have demonstrated that OLZ administration plays a role in weight gain and metabolic
malfunctions. Davey et al. [29] found that OLZ treatment induced metabolic alterations via microbiota
changes, and the metabolic alterations could be reversed by treatment with antibiotics; in addition,
microbial, inflammatory, and metabolic adversities related to OLZ treatment were sex-dependent [30].
Moreover, Morgan et al. [31] observed that weight gain depended on gut microbiota, and specific
bacteria were responsible for weight gain. Furthermore, Flowers et al. [32] revealed that clusters of
gut microbiota were associated with pharmacological treatment in patients with bipolar disorder.
However, to the best of our knowledge, the effects of OLZ on gut microbiota in patients with SZ have
not been investigated. We hypothesized that short-term treatment with OLZ in controlled conditions
(unified dietary intake and environmental factors) affects fecal microbiota compositions, and microbiota
can affect body weight and treatment efficacy. Accordingly, this study analyzed microbiota compositions
of stool samples collected from a cohort of SZ inpatients. The cohort comprised of acutely-relapsed SZ
inpatients who were followed-up for six weeks during OLZ treatment.

2. Materials and Methods

2.1. Patients

The study protocol was approved by the Bioethics Committee of the Pomeranian Medical
University in Szczecin (Poland). All participants received a written description of the study aims and
provided written informed consent before participation. Participants were recruited as inpatients at
the Department of Psychiatry in Szczecin (Poland) between October 2016 and May 2018, and only
20 psychiatric inpatients met the inclusion criteria. The flow chart of the study design is shown in
Figure 1. SZ was diagnosed based on the ICD (International Statistical Classification of Diseases and
Related Health Problems) −10 criteria.
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Figure 1. Flow chart of the study design. SZ, schizophrenia.

2.2. Study Protocol

All participants were subjected to the same daily activities, including physical exercise
(daily morning exercise and a walk with a therapist), occupational therapy, and psycho-educational
activities. Two senior psychiatrists performed the psychiatric and basic physical examinations, and a
gastroenterologist conducted a comprehensive physical examination.

Patients received a standard hospital diet (i.e., 2995 ± 93 kcal, 106 ± 14 g total protein, 420 ± 24 g
carbohydrates, and 102 ± 10 g fat per day), balanced by a hospital dietician, in accordance with
the Polish standards for hospitalized patients [33]. Detailed nutritional data on the diet during
hospitalization, including fiber consumption, are presented in Supplementary Table S1.

This study included 20 patients, with 11 males and 9 females. After admission to the hospital ward,
they were all subjected to a 7-day washout from psychiatric medications, received the standard hospital
diet, and had a similar hospital routine. The first stool samples were collected after the washout period
(W0), and subsequently, OLZ treatment was administered (initially 5 mg/day; doses were individually
adjusted up to 20 mg/day). After 6 weeks of treatment, the second stool samples (W6) were collected
(Supplementary Figure S1).

Clinical responses were defined as follows: Early responders, 30% reduction in positive and
negative syndrome scale (PANNS) total score at 4 weeks; late responders, 40% reduction in PANNS
total score at end-point [34]; Clinical global impression-improvement scale (CGI-I) responders, score of
3 points (much improvement); and non-responders, clinical global impression-severity (CGI-S) scores
of 4 (minimal improvement) or 5 (no improvement).

2.3. Processing of Raw Data and Statistical Analysis

Sequencing of the V4 region of 16S rRNA gene was performed by the uBiome, Inc. (San Francisco, CA,
USA). The 16S amplicons from each sample were individually barcoded and sequenced in the multiplex
in the NextSeq 500 platform in a 150 bp (base pair) paired-end modality. The initial quality check of
the 16S sequences was conducted using the AfterQC (version 0.9.7) software with default settings [35].
Subsequently, forward and reverse reads were, respectively, capped at 125 and 124 bp and then
joined together with an in-between padding sequence (8 of “Ns” with a base score quality of 40).
Each sequence was assigned the number of expected errors, and the sequences were filtered to have a
maximum expected error of 1.0. The above steps were conducted using the VSEARCH (2.8.0) tool [36].
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The sequences were processed using mothur (v.1.41.3) [37]. Briefly, sequences were aligned to the
SILVA bacterial reference alignment (release 132), and were then screened to drop those not aligning to
positions 13,148 and 25,277 of the SILVA alignment and were pre-clustered to allow two differences
between sequences. The chimeras were identified and removed using VSEARCH implemented in
mothur. Subsequently, sequences were classified using a Wang method with the Greengenes 16S rRNA
Database version 13.8. Finally, sequences were clustered into OTUs using opticlust algorithm and
Matthews correlation coefficient metric.

Metagenomic predictions from 16S rRNA marker genes (corrected for predicted 16S rRNA
copy number) were carried out using PICRUSt (version 1.1.3) [38], and a list of the KEGG (Kyoto
Encyclopedia of Genes and Genomes) functional orthologs (KO) was created. Reference genome
coverage of the samples was calculated using the weighted nearest sequenced taxon index (NSTI) [38].
The PICRUSt predicted a median NSTI score of 0.11 (interquartile range, IQR of 0.05). The predicted
metagenomes were analyzed with HUMAnN [39] and LEfSe [40]. The KO list was submitted as input
data to HUMAnN, which generated KEGG modules and KEGG pathway abundances.

Downstream data analysis was performed using the R software (version 3.5.1, https://cran.r-
project.org/), R based tools (such as Phyloseq package (version 1.24.2)) [41] and ComplexHeatmap [42],
and custom-made scripts. Before calculating alpha diversity, the samples were rarefied to 3680
sequences per sample. Prior to beta diversity analysis, the taxa with the prevalence of less than 5%
were removed (the prevalence of taxa was defined as the proportion of samples in which the taxa
appeared at least once). Beta diversity was analyzed using principal coordinate analysis (PCoA) on
Bray–Curtis distance matrices generated from the relative OTU abundances. To analyze the changes
in bacterial community composition, a change in the principal coordinate 1 (PC1) was examined.
The statistical analysis methods included the Wilcoxon rank-sum test, paired Wilcoxon signed-rank
test, t-test for one sample, and Spearman rho correlation coefficient. p-values were adjusted using the
Benjamini–Hochberg’s false discovery rate (FDR) controlling procedure. Numerical data are presented
as median, lower quartile, and upper quartile.

3. Results

3.1. Microbiota Compositions

General characteristics of patients are shown in Table 1. There was no significant change in
alpha diversity as measured by Chao1 and Shannon indexes (p = 0.955 and p = 0.808, respectively;
Figure 2A). The PCoA with Bray–Curtis dissimilarity is presented in Figure 2B. Samples were separated
into distinct regions, mainly along the PC1 (Axis.1) that explained 42.5% of the intersample variance.
The gut microbiome was individually specific, and the Bray–Curtis distances between the same samples
were significantly smaller than those between all W0 samples (p = 0.00006; Figure 2C). The direction of
change along the PC1 was not consistent (Supplementary Figure S2). The mean change in the PC1
was not significantly different from 0 (0.0012, (95% confidence interval: −0.0946, 0.0970), t = −0.03,
df = 19, p = 0.979), suggesting that the gut microbial community composition does not change after six
weeks of treatment. In line with this observation, no OTUs were differentially abundant (from the
genus to phylum level) between W0 and W6 (Supplementary Figures S3–S5). There was no change
in the ratio of Firmicutes to Bacteroidetes (F/B) in the whole group, as well as in males and females
(Supplementary Figure S6). In addition, there were no significant differences in the abundance of the
KEGG orthologs, modules, and pathways between W0 and W6 samples in the whole group, as well as
in men and women (Supplementary Figure S7).
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Table 1. Clinical characteristics of patients included in the study (n = 20).

Variables Median (1st Q–3rd Q)/ n (%)

Sex (F/M) 9 (45%)/11 (55%)
Age (years) 33.5 (31–39)
BMI (kg/m2) 28.91 (24.82–31.27)

Olanzapine maximum dose (mg) 20.00 (20.0–20.0)
Olanzapine average dose per day (mg) 15.54 (13.50–16.34)

Disease duration (months) 90 (32–114)
Duration of untreated psychosis (months) 4.5 (1.75–12.0)
Smoking (number of cigarettes per day) a 1.5 (1.0–3.0)

Coffee (number of cups) 2.0 (0.0–3.0)
Tea (number of cups) 2.5 (1.0–3.0)

BMI—Body Mass Index; a Ordinal variables (per day): 1, non-smokers; 2, up to 10 cigarettes; 3, up to 20 cigarettes; 4,
up to 40 cigarettes; 1st Q, first quartile; 3rd Q, third quartile, BMI—body mass index.

Figure 2. (A) Alpha diversity measures at baseline (W0) and after six weeks of hospitalization (W6).
The boxplots represent the diversity measures (center line, median; lower and upper hinges correspond
to the first (Q1) and third (Q3) quartiles; whiskers, 1.5 * IQR (Q3–Q1). Grey lines connect samples from
the same patients. (B) Genus level resolution analysis of gut microbiota in patients diagnosed with
paranoid schizophrenia treated with olanzapine during six weeks of hospitalization. The principal
coordinate analysis was based on Bray–Curtis dissimilarities calculated using relative abundance data.
Samples are colored according to time points (W0 and W6). Grey lines connect samples from the
same patients. Ellipses correspond to 95% confidence intervals for two timepoints (W0 and W6) with
a multivariate normal distribution. (C) The boxplot shows Bray–Curtis dissimilarities calculated in
the same patients (within (W0 vs. W6), 0.29 (0.19–0.42)) and in different patients (between subjects
(W0), 0.44 (0.36–0.56), p = 0.00006, Wilcoxon rank-sum test) (center line: median, lower, and upper
hinges correspond to the first (Q1) and third (Q3) quartiles; whiskers: the upper whisker is located at
the smaller of the maximum Bray–Curtis measures and Q3 + 1.5 * IQR (Q3–Q1); the lower whisker is
located at the larger of the minimum Bray–Curtis measures and Q1—1.5 * IQR). W0 and W6 represent
time points.
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Despite the lack of a consistent shift along the PC1, we examined whether the PC1 changes are
associated with demographic, clinical, and environmental factors. The mean PC1 changes did not
differ between men (0.011 (−0.118–0.140)) and women (0.004 (−0.036–0.016)) (Wilcoxon rank-sum test
FDR adjusted p (q) = 0.649). Demographic, clinical, and environmental factors were not correlated with
the change in the PC1 (Supplementary Table S2, Supplementary Figure S8). There was no association
between the dose of OLZ and the shift in the gut microbial composition (Supplementary Figure S9).
However, the change in the PC1 was significantly greater in patients consuming alcohol (1–3 unit of
alcohol; 0.16 (0.03–0.32)) than in non-alcohol drinkers (−0.01 (−0.19–0.01)) (Wilcoxon rank-sum test
q = 0.036). To further explore the distinct regions revealed by the ordination of samples by PCoA
(Figure 2B), we conducted an unsupervised hierarchical clustering using an average linkage algorithm
of the Bray–Curtis dissimilarity. The clustering analysis showed the presence of two clusters (Type 1:
9 samples; Type 2: 31 samples) that matched with distinct regions revealed in the PCoA. A heatmap
displaying the relative abundances for the genera annotated with two resulting clusters is shown in
Figure 3A. Differential abundance testing revealed that the Bacteroides, Blautia, Clostridium, Anaerostipes,
Bilophila, Anaerotruncus, and Eggerthella were enriched in the Type 2 cluster, whereas Prevotella was
enriched in the Type1 cluster (Figure 3B). Clusters Type 1 and 2 seemed to correspond to enterotypes 2
(Prevotella) and 1 (Bacteroides) described by Arumugam et al. in 2011 [43], respectively. To explore these
enterotypes in more detail, our cluster Type 2 was analyzed more thoroughly, as it seemed not to be
completely homogenous. Cluster Type 2 was divided into Type 2A and Type 2B, and then the relative
abundances of the main contributors from each enterotype in the resulting three clusters (Type 1,
Type 2A and 2B) were ascertained (Supplementary Figure S10) Cluster Type 1 had an abundance
pattern similar to enterotype 2 (Figure 2d in Arumugam et al. [43]), and that for cluster type 2A to
enterotype 1 (Figure 2d in Arumugam et al. [43]). However, cluster type 2B seemed not to be similar to
any enterotype. Two genera (Prevotella and Bacteroides) exhibited similar abundance which was greater
than of Ruminococcus. The pattern Type 2B seemed to be a type of a mixture from clusters Type 1 and
Type 2A. The addition of Blautia made no difference to this assessment (Supplementary Figure S11).

Figure 3. (A) Genus level resolution analysis of gut microbiota in patients diagnosed with paranoid
schizophrenia treated with olanzapine during six weeks of hospitalization. Unsupervised average
linkage hierarchical clustering of gut microbiota at the genus level was conducted. Two resulting
clusters (Type 1, blue and Type 2, red) are shown as the top annotation. Both samples (W0 and W6) of
15 patients were found in either Type 1 or Type 2 cluster (two patients in Type 1 and 13 patients in Type
2). Samples of the five patients (3SJP, 4SMA, 10SUG, 11SAS, and 12SMS) belonged to different clusters.
(B) Differential abundance testing at the genus level between Type 1 and Type 2 clusters. a two sided
Wilcoxon signed-rank test, FDR adjusted p, the genera with the relative abundance >1% in at least one
cluster are shown, Eggerthella not shown due to low abundance.
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Taken together, our results suggest that the gut microbiota is highly individually specific, and the
microbial community compositional changes during six weeks of OLZ treatment are not consistent
across the patients.

3.2. Clinical Improvement and BMI Changes

We found that OLZ treatment was associated with significantly improved treatment efficacy as
measured by PANNS, 36-item short form survey (SF36), and CGI-S scales (Supplementary Table S3).
We further investigated whether these improvements are correlated with the change in microbiota
compositions (as measured by a change in the PC1 component) and with demographic and clinical
characteristics. No significant correlations were observed between clinical improvements and changes
in microbiota composition (Supplementary Figure S12) or demographic and clinical characteristics,
except the duration of untreated psychosis (DUP) (Supplementary Table S4).

In contrast to changes in the symptom severity of schizophrenia (Supplementary Table S3),
there was no significant change in the patients’ BMI during OLZ treatment (q= 0.763). However, the BMI
change (W6 vs. W0 difference) was significantly higher in women than in men (Supplementary
Figure S13) but did not correlate significantly with age, OLZ average dose per day, OLZ maximum
dose, disease duration, or duration of untreated psychosis.

Because we found clear differences in gut microbiome compositions in all 40 samples (Figure 3),
we next sought to determine whether similar differences in microbial community compositions
and metabolic potentials exist in baseline samples and whether those differences could affect the
patients’ clinical improvement and change in BMI within six weeks. We performed the unsupervised
average linkage hierarchical clustering of the Bray–Curtis dissimilarity among the baseline samples
(W0, Supplementary Figure S14), as well as that of the relative abundances of the predicted KEGG
orthologs, modules, and pathways (Supplementary Figures S15–S17). Regarding the microbiome
compositions, we were able to demonstrate different groups of patients (clusters) using hierarchical
clustering of KEGG features in the W0 samples: KEGG orthologs (Supplementary Figure S15),
modules (Supplementary Figure S16), and pathways (Supplementary Figure S17). Differential
abundance testing revealed that only the Prevotella genus differed between the two clusters (Type 1,
0.01% (0.006–0.004) vs. Type 2, 27.4% (17.7–43.1); two-sided Wilcoxon signed-rank test, FDR adjusted
p= 0.033; Supplementary Figure S14). To identify differentially abundant genes, modules, and pathways
between clusters, we conducted a linear discriminant analysis with effect size (LEfSe) method (Figure 4).

Subsequently, we compared the baseline symptom scales and BMI between Type 1 and Type 2
clusters. We found significant differences in the baseline PANNS, PANNS G, and CGI-S between the
groups created from the clustering of the pathway abundance (Table 2). The patients classified into a
Type 2 cluster had significantly more severe symptoms at baseline. The improvement in symptom
severity after OLZ treatment assessed by PANNS, SF36, and CG1I was not associated with microbial
community compositions (Supplementary Figure S14, Table S5) or KEGG features at baseline (Table 2;
Supplementary Figures S15–S17 and Tables S6 and S7). Likewise, no associations were found between
baseline gut microbiota (Supplementary Figure S14, Supplementary Table S5) or its metabolic potentials
(Table 2 and Supplementary Figures S15–S17 and Supplementary Tables S6 and S7) and the BMI change
in the whole group or separately in women or men.
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Figure 4. Unsupervised average linkage hierarchical clustering was carried out for each KEGG feature
category. (A) KEGG orthologs; (B) KEGG modules; (C) KEGG pathways. K06147, ATP-binding cassette,
subfamily B, bacterial; K02025, K02026, multiple sugar transport system permease proteins; K09687, antibiotic
transport system ATP-binding protein; K02014, iron complex outer-membrane receptor protein; K03088,
RNA polymerase sigma-70 factor, ECF subfamily; M00239, peptides/nickel transport system; M00237,
branched-chain amino acid transport system; M00299, Spermidine/putrescine transport system; M00051,
Uridine monophosphate biosynthesis, glutamine (+ PRPP) → UMP; M00222, phosphate transport
system; M00002, glycolysis, core module involving three-carbon compounds; M00004, pentose
phosphate pathway (pentose phosphate cycle); M00115, NAD biosynthesis, aspartate → NAD;
M00126, Tetrahydrofolate biosynthesis, GTP→ THF; M00006, pentose phosphate pathway, oxidative
phase, glucose 6P → ribulose 5P; M00123, Biotin biosynthesis, pimeloyl-CoA → biotin; ko00511,
other glycan degradation; ko00531, glycosaminoglycan degradation; ko00540, lipopolysaccharide
biosynthesis; ko00780, biotin metabolism; ko00790, folate biosynthesis; ko00130, ubiquinone and other
terpenoid–quinone biosynthesis; ko00460, cyanoamino acid metabolism; ko00020, citrate cycle (TCA
cycle); ko00600, sphingolipid metabolism; ko00940, phenylpropanoid biosynthesis; ko00908, zeatin
biosynthesis; ko00250, alanine, aspartate and glutamate metabolism; ko00430, taurine and hypotaurine
metabolism; ko00040, pentose and glucuronate interconversions; ko00030, pentose phosphate pathway;
ko02060, phosphotransferase system (PTS); ko00290, valine, leucine and isoleucine biosynthesis;
ko00072, synthesis and degradation of ketone bodies; ko00860, porphyrin and chlorophyll metabolism;
ko04122, sulfur relay system; ko02010, ABC transporters; ko00061, fatty acid biosynthesis; ko02030,
bacterial chemotaxis.
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Table 2. Associations of KEGG pathways with BMI changes and clinical improvements (PANNS, SF36,
and CGI).

Variables (Females +Males) Cluster Type 2 (n = 5) Cluster Type 3 (n = 12) p/qa

BMI (kg/m2) W0 28.7 (27–29.9) 29.6 (24.4–32) 0.874/0.874
PANNS W0 95 (94–98) 68 (62.8–74.2) 0.007/0.047

PANNS N subscale W0 28 (23–28) 20.5 (17–22.2) 0.020/0.070
PANNS P subscale W0 24 (23–26) 20 (15.8–22) 0.026/0.073
PANNS G subscale W0 46 (43–47) 32 (27.8–37) 0.010/0.047

SF36 W0 90 (83–97) 76.5 (72.5–83.8) 0.102/0.238
CGI-S W0 7 (6–7) 5 (5–6) 0.009/0.047

BMI (kg/m2) −0.53 (−1.33–0.72) 0.35 (−0.23–0.90) 0.562/0.656
PANNS −44 (−65–−31) −37 (−39.5–−21.8) 0.342/0.749

PANNS N subscale −10 (−17–−9) −6 (−8.75–−4.5) 0.205/0.410
PANNS P subscale −12 (−18–−6) −11 (−15–−7.75) 0.874/0.874
PANNS G subscale −22 (−26–−16) −16 (−17.8–−8.75) 0.315/0.479

SF36 −5 (−18–−4) −3 (−12.2–6) 0.245/0.429
CGI-I 4 (3–4) 3.5 (3–4) 0.452/0.575

Variable (Males) Cluster Type 2 (n = 5) Cluster Type 3 (n = 4) p/qa

BMI (kg/m2) W0 28.7 (27–29.9) 30.5 (27.5–32.2) 0.713/0.768
PANNS W0 95 (94–98) 67 (59.2–76.5) 0.037/0.198

PANNS N subscale W0 28 (23–28) 20 (18.8–22.2) 0.084/0.198
PANNS P subscale W0 24 (23–26) 17 (14–19) 0.027/0.198
PANNS G subscale W0 46 (43–47) 30.5 (24.8–37.5) 0.065/0.198

SF36 W0 90 (83–97) 83.5 (76.2–90) 0.391/0.547
CGI-S W0 7 (6–7) 5.5 (5–6) 0.050/0.198

BMI (kg/m2) −0.53 (−1.33–0.72) −0.92 (−1.97–−0.30) 0.713/0.768
PANNS −44 (−65–−31) −20.5 (−26.2–−17.8) 0.140/0.280

PANNS N subscale −10 (−17–−9) −6 (−7.5–−5.75) 0.389/0.547
PANNS P subscale −12 (−18–−6) −7.5 (−8.25–−6) 0.389/0.547
PANNS G subscale −22 (−26–−16) −8.5 (−11–−7) 0.085/0.198

SF36 −5 (−18–−4) −11 (−13.5–−7) 1.0/1.0
CGI-I 4 (3–4) 4 (4–4) 0.661/0.768

a Two-sided Wilcoxon rank-sum test, median with lower and upper quartiles in parentheses; BMI, PANNS, and
SF36—changes from baseline (W0); CGI-I—an improvement from baseline; KEGG, Kyoto Encyclopedia of Genes
and Genomes; BMI, body mass index; PANNS, positive and negative syndrome scale; SF36, 36- item short form
survey; CGI, clinical global impression-improvement scale.

To further explore the gut microbiota and OLZ treatment interactions, we classified the included
patients as responders and non-responders as follows: Early responders, early non-responders,
late responders, and late non-responders using the PANNS total score and responders and
non-responders using the CGI-I scale. Subsequently, microbial community compositions and KEGG
features were compared between responders and non-responders. Phylogenetic compositions of the
samples at the phylum level in the responders and non-responders are shown in Supplementary Figure
S18. The phyla were not differentially abundant in responders and non-responders, regardless of
the definition of clinical improvement. There were no differences in gut microbiome compositions at
other taxonomic levels (Supplementary Figure S19), as well as in the KEGG orthologs, modules, and
pathways (Supplementary Figure S20). Sex-specific results are shown in Supplementary Figures S21
and S22 (bacterial community composition) and S23 and S24 (KEGG features).

4. Discussion

The effect of OLZ on the microbiota has been investigated in experimental studies.
Davey et al. [29,30] found decreased gut microbiota diversity, increased abundance of phyla Firmicutes,
and reduced Actinobacteria, Proteobacteria, and Bacteroidetes in the course of OLZ treatment in
female rats. Similarly, Morgan et al. [31] revealed decreased alpha diversity, lower abundance of class
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Bacteroidia, and increased abundances of Erysipelotrichia, Actinobacteria, and Gammaproteobacteria
in female mice treated with OLZ. However, Kao et al. [44] demonstrated no significant effects of OLZ
on gut microbiota in female rats. To the best of our knowledge, this study is the first to analyze
fecal microbiota compositions in patients hospitalized due to acute relapse of SZ. We did not find
the impact of six-week OLZ treatment on bacterial diversity, abundance, and predicted metabolic
function, and patients with SZ had individualized and stable gut microbiota in the course of six-week
OLZ treatment in terms of both composition and function. Because of the inconsistent findings above,
further studies are needed to clarify the effect of OLZ on gut microbiota.

Although gut microbiota could be compositionally and functionally clustered into similar
groups, the classification could not be used to predict the responses to OLZ treatment or the
occurrence of weight gain (observed only in women) during OLZ treatment. As mentioned above,
OLZ causes weight gain in female rats [29,44] and mice [31]. This metabolic effect is not observed
during antibiotic therapy [29] and gnotobiosis (germ-free mouse model) and is enhanced during the
administration of the high-fat diet regimen that is responsible for alterations of microbiota similar to
those observed in metabolic syndromes [31]. In addition, Davey et al. [30] demonstrated metabolic
disturbances, inflammation, and microbiota alterations in female mice treated with OLZ and found
only slight alterations in male mice treated with OLZ, and metabolic effects of OLZ were linked to
gut microbiota alterations. Notably, antibiotics reversed these effects due to reduced gut microbiota.
Therefore, changed gut microbiota plays a pivotal role in weight gain. The lack of association between
fecal microbiota compositions and weight gain in this study may be due to the low number of
participants and the short period of OLZ administration. In addition, other factors might also be
responsible for the increase in body mass index associated with the OLZ administration [20,26–28].

In the present study two bacterial enterotypes (clusters) were found, Type 1, with a predominance
of Prevotella, and Type 2 with a higher abundance of Bacteroides, Blautia and Clostridium. Cluster Type
2 seemed not to be completely homogenous (with Types 2A and 2B), which initially suggested the
possibility of the occurrence of a third enterotype similar to that found by Arumugam et al. [43].
Further analysis did not confirm this hypothesis and a higher abundance of Ruminococcus or Blautia
in sub-cluster Type 2B was not seen. This sub-cluster seemed to be a type of mixture from clusters
Type 1 and Type 2A. Due to this we took into consideration in further analyses only two enterotypes
(original clusters) of bacteria. Moreover, patients with SZ were clustered at the level of KEGG genes,
modules, and pathways. The severity of symptoms measured at the beginning of treatment varied,
depending on the predicted metabolic activity of the bacteria. Other studies also have observed
a relationship between the composition of bacteria and the severity of symptoms in SZ patients.
Zheng et al. [11] demonstrated that PANSS was negatively correlated with Veillonellaceae and was
positively correlated with Bacteroidaceae, Streptococcaceae, and Lachnospiraceae. Schwartz et al. [10]
found greater microbial abnormalities in SZ patients than in controls. In addition, increases in
the number of Lactobacillus group bacteria were positively correlated with the severity of various
symptom domains in SZ patients and were negatively correlated with the global assessment of
functioning. Moreover, responses to the treatment were worse in patients with severe microbiota
alterations. Furthermore, Shen et al. [45], using the PICRUSt analysis, infer that vitamin B6 and fatty
acid metabolic potential differed significantly between SZ patients and controls. Therefore, there are
potential relationships between predicted metabolic changes and the severity of symptoms in SZ
patients, as shown in Table 3. It is important to note that the PICRUSt approach using in prediction of
bacterial metabolic activity should be treated with caution and followed by metagenomic analyses
to explain such findings in humans. The median NSTI score was 0.11 (interquartile range of 0.05)
suggesting a reasonable accuracy of the prediction, however, some closely related reference genomes
were not available.
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Our study has several strengths that should be highlighted. (1) The applied treatment resulted in
expected clinical effects. The relationship between duration of untreated psychosis (DUP) and poor
general symptomatic outcomes was confirmed, and the longer DUP was associated with more severe
positive and negative symptoms. Additionally, OLZ treatment caused weight gain. This observation
is in agreement with that in another experimental study [65]. (2) During the treatment, the patients
were under the same controlled hospital conditions (diet, drug intake, and clinical monitoring), and a
washout was used before treatment, thus providing a "unification" of the environmental impact on
the fecal microbiota pattern. Consequently, we speculate that such conditions diminish the impact of
common environmental factors that permanently shape gut microbiota composition and underline the
association between the disease and treatment. (3) Weight gain at the beginning of OLZ treatment is
very important because it determines the further development of cardiometabolic risk factors [22,23,66].
(4) Although the study group was not homogeneous, the symptoms were observed every day in our
psychiatric clinic. Patients were previously treated with other pharmaceuticals, which might have
affected the microbiota composition. Such situations might lead to resistance against psychotropic
drugs, probably leading to no impact of OLZ on the microbiota.

There are certain limitations of our study that need to be discussed. First, the sample size
was small and heterogeneous (drug-naive and previously-treated patients). No formal sample
size calculations were employed for this analysis, but the cohort size was based on what was
previously sufficient to test microbiotic changes in schizophrenia patients [67], and/or the influence
of antibiotics [68] and risperidone administration [69] on gut microbiota. This limitation should be
attributed to rigorous inclusion and exclusion criteria as well as the short duration of the whole study
(17 months). Thus, studies with a greater sample size are needed to further examine the associations
between OLZ treatment and gut microbiota structure. Second, the composition of intestinal bacteria
varied among individuals, and inter-individual variation within the gut ecosystem of patients was
high. Third, in individual studies (also experimental), various taxonomic groups of bacteria were
analyzed only in stools. The composition of bacteria in feces is more stable and is not influenced by
external factors compared with the composition of bacteria in the small intestine. Changes in the
microbiota of the small bowel have a much greater effect on the metabolic functions of the human body.
Therefore, further experimental studies should pay more attention to this issue [70,71], although an
invasive way of sampling intestine biological material remains difficult and holds several ethical
concerns. Fourth, there was a lack of long-term follow-up, which is especially important in case of
metabolic consequences of OLZ treatment. Fifth, we did not compare the results between SZ patients
and healthy subjects or patients receiving placebos. Matched controls with similar lifestyle should be
used to exclude false-positive results. However, the general lifestyle in patients diagnosed with SZ
was found to be divergent from that observed in healthy people [72]. Therefore, a placebo approach
was impossible mainly due to ethical and organizational concerns. Sixth, changes in dietary and living
conditions during the hospital stay might be another limitation of our study. However, enterotypes
Prevotella and Bacteroides are strongly associated with long-term diet. It was shown that microbiome
composition changed detectably within 24 h of initiating a high-fat/low-fiber or low-fat/high-fiber diet,
but that enterotype identity remained stable during the 10-day study [73]. Therefore, a change of
diet after admission to hospital should not affect W0 microbiota. After this all patients received the
same diet, and it seems that this factor should also not significantly affect the influence of OLZ on W6
microbiota composition.

5. Conclusions

In conclusion, the present findings indicate that the microbiota in patients with the schizophrenia
episode is highly individualized, although it can be clustered into different taxonomical (Type 1, with a
predominance of Prevotella, and Type 2 with a higher abundance of Bacteroides, Blautia, and Clostridium)
and functional groups; the microbiota does not change during six weeks of treatment with OLZ and is
not associated with the weight gain that occurs in women treated with OLZ, as well as the treatment
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effectiveness. This study provides some insights into the metabolic effects of psychotropic drugs on
gut microbiota in SZ patients. Further long-term and placebo-controlled studies are needed to clarify
the effect of OLZ on gut microbiota.
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Abstract: The small–large intestine axis in hydrogen sulfide accumulation and testing of sulfate
and lactate in the gut–gut axis of the intestinal environment has not been well described. Sulfate
reducing bacteria (SRB) of the Desulfovibrio genus reduce sulfate to hydrogen sulfide and can be
involved in ulcerative colitis development. The background of the research was to find correlations
between hydrogen sulfide production under the effect of an electron acceptor (sulfate) and donor
(lactate) at different concentrations and Desulfovibrio piger Vib-7 growth, as well as their dissimilatory
sulfate reduction in the intestinal small–large intestinal environment. Methods: Microbiological,
biochemical, and biophysical methods, and statistical processing of the results (principal component
and cross-correlation analyses) were used. Results: D. piger Vib-7 showed increased intensity of
bacterial growth and hydrogen sulfide production under the following concentrations of sulfate and
lactate: 17.4 mM and 35.6 mM, respectively. The study showed in what kind of intestinal environment
D. piger Vib-7 grows at the highest level and produces the highest amount of hydrogen sulfide.
Conclusions: The optimum intestinal environment of D. piger Vib-7 can serve as a good indicator of
the occurrence of inflammatory bowel diseases; meaning that these findings can be broadly used in
medicine practice dealing with the monitoring and diagnosis of intestinal ailments.

Keywords: small–large intestine axis; hydrogen sulfide; Desulfovibrio; bowel disease; colitis

1. Introduction

The destination of food remains from the small intestine, together with microbial biomass,
is the large intestine, which represents an open system of the small–large intestine axis [1]. This
means that the large intestine is a reactor for constant microorganism cultivation [2]. This fact is
supported by the calculation that 200 g of digestive material is present in the large intestine of an adult
human [2,3]. The intestinal lumen biomass includes almost 55% microorganisms, which are present
in the total fecal content [1,4,5]. The microbial mass in the large intestine is 1011–1012 cells/g feces
of the following dominant genera: Bifidobacterium, Bacteroides, Lactobacillus, Escherichia, Enterococcus,
Atopobium, Faecalibacterium, Clostridium, and 40 other bacterial species that represent 99% of the colon
microbiota [1,4,6,7].

The majority of these bacteria are able to cleave complex organic compounds in the fermentation
process and they produce molecular hydrogen, different acids including acetate and lactate, and other
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compounds. The production of lactate depends on the fermentative properties of lactic acid bacteria
(e.g., Bifidobacterium, Lactobacillus, and Streptococcus) [4]. This means that lactate and acetate can be also
used by other groups of microorganisms. These compounds can be used as electron donors and carbon
sources in the metabolic processes of microorganisms [7–10]. Intestinal microbiota is especially involved
in the digestion processes of short-chain fatty acids [4]. The physiology and metabolism of humans is
highly dependent on intestinal microorganisms and consequently affects human physiological functions
and health [1–3,11,12]. On the other hand, another important component of human physiological
status is the capability of the intestinal system to absorb sulfate for amino acid development, such as
cysteine and methionine, and its regular involvement in assimilation processes. Concentrations of
sulfate in the intestine are dependent on human diet since sulfate is present differently in different
food commodities [13–16]; another factor is that sulfate absorption is done individually in each human,
meaning that the total sulfate content in the intestine is highly influenced by eating habits. The
importance of daily sulfate intake can be emphasized by the fact that staple food commodities (such as
some breads) represent high sulfate sources (>10 μmol/g) as do popular beverages such as beers and
wines (>2.5 μmol/g) [13].

The remnants of sulfate that are not absorbed by the intestines and the presence of lactate make a
good environment for sulfate-reducing bacteria (SRB) that are regularly found in human and animal
intestines [1,4,17–21]. SRB use sulfate as the final electron acceptor in the process of dissimilatory
sulfate reduction and form the end product of hydrogen sulfide [22–27]. Different organic compounds,
including lactate, can be exogenic electron donors for this process and can be oxidized to acetate [18,28].
Desulfovibrio genus is the dominant SRB in the human intestine [5,22]. Previous studies indicated a
correlation between the SRB intestinal presence and ailments, such as cholecystitis, brain abscesses, and
abdominal cavity ulcerative enterocolitis, making Desulfovibrio species an important factor during both
mono- and poly-microbial infections of the gastrointestinal tract [2–4,12]. Consequently, the prevalence
of SRB in the intestines is dependent on the occurrence of sulfate and lactate presence in the gut. It is
also important to stress that the intestinal environment should be monitored due to its influence on
SRB since a connection with these bacterial strains and inflammatory bowel diseases (IBD) has been
found [1–3,11]. The effects of sulfate and lactate at different concentrations on intestinal Desulfovibrio
species growth and their sulfate reduction parameters have not been well studied.

The aim of this research was to find correlations between different sulfate and lactate concentrations
and Desulfovibrio piger Vib-7 growth parameters and their dissimilatory sulfate reduction in the
small–large intestinal environment.

2. Experimental Section

2.1. Bacterial Culture and Cultivation

The sulfate-reducing bacteria of the Desulfovibrio piger strain Vib-7 was used as the object of the
study. This strain was isolated from the human large intestine and identified based on physiological
and biochemical properties and sequence analysis of the 16S rRNA gene. The accession number
in GenBank is KT881309.1. The strain of SRB was kept in the collection of microorganisms at the
Laboratory of Anaerobic Microorganisms of the Department of Experimental Biology at Masaryk
University (Brno, Czech Republic).

The bacterial culture was grown in modified liquid Postgate C medium [23] for 72 h at 37 ◦C under
anaerobic conditions [29]. The following sodium sulfate concentrations were prepared in medium:
0.87 mM, 1.75 mM, 3.5 mM, 7 mM, 10.5 mM, and 17.5 mM. Different concentrations of electron donors
and their effect in the medium were determined in the presence of sodium lactate (4.45 mM, 8.9 mM,
17.8 mM, 35.6 mM, 53.4 mM, or 89 mM). The control medium consisted of 3.5 mM sulfate and 17.8 mM
lactate. The determination of biomass, sulfate, hydrogen sulfide, lactate, and acetate concentrations
were determined after 12, 24, 36, 48, 60, and 72 h.
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2.2. Bacterial Biomass Determination

In total, 1 mL of liquid medium without Mohr’s salt in a plastic cuvette was measured in a
biophotometer (Eppendorf BioPhotometer®D30, Hamburg, Germany) as a blank. The same procedure
with the bacterial suspension was performed. The optical density (OD340) was always measured before
the experiments to provide approximately the same amount of SRB in each experiment [7].

2.3. Sulfate Determination

The sulfate concentration in the liquid medium was measured by turbidimetric method after 12 h
intervals of cultivation. In total, 40 mg/L BaCl2 solution was prepared in 0.12 M HCl and mixed with
glycerol in a 1:1 ratio. The supernatant of the sample was obtained by centrifugation at 5000× g at 23 ◦C
and 1 mL was added to 10 mL of BaCl2:glycerol solution and carefully mixed. The absorbance of the
mixed solution was measured after 10 min at 520 nm (Spectrosonic Genesis 5, Ecublens, Switzerland).
A cultivation medium without bacteria growth was used as a control [30].

2.4. Hydrogen Sulfide Determination

The concentration of hydrogen sulfide was determined in cultivation medium after different time
intervals. In total, 1 mL of the sample was added to 10 mL of a 5 g/L solution of zinc acetate and 2 mL
of 0.75 g/mL p-aminodimethylaniline in a solution of sulfuric acid (2 M). The mixture stood for 5 min at
room temperature. After that, 0.5 mL of 12 g/L solution of ferric chloride dissolved in 15 mM sulfuric
acid was added. After standing another 5 min at room temperature, the mixture was centrifuged
5000× g at 23 ◦C. The absorbance of the mixture was determined at a wavelength of 665 nm by a
spectrophotometer (Cecil Aquarius CE 7200 Double Beam Spectrophotometer, London, UK) [31,32].

2.5. Lactate and Acetate Determination

The measurement was repeated in the same manner using a cultivation medium and it served as
the control sample. Measurements of lactate concentration using a lactate assay kit (Sigma-Aldrich,
Catalog Number MAK064, Prague, Czech Republic) were carried out. Accumulation of acetate ions in
the process of bacterial growth in the medium was determined using the acetate assay kit (Abnova,
Colorimetric, Catalog Number KA3764, Prague, Czech Republic).

2.6. Statistical Analysis

Using the experimental data, the basic statistical parameters (M—mean, m—standard error,
M ±m) were calculated. The accurate approximation was when p ≤ 0.0533 [33]. Statistical significance
was measured with the use of principal component analysis (PCA) that gave overall differences among
compared groups. Statistical analysis was done by SPSS 20 statistical software (IBM Corporation,
Armonk, NY, USA). Plots were built by software package Origin7.0 (Northampton, UK).

3. Results

Intestinal sulfate-reducing bacteria, D. piger Vib-7, showed the highest rate (biomass accumulation,
sulfate and lactate consumption, and sulfide and acetate production), both increasing and decreasing
trends, until the 60th h of cultivation in the control (3.5 mM of sulfate and 17.3 mM of lactate) medium
(Figure 1). The stationary growth phase was achieved after 60 h of cultivation and the following
percentage decreases and increases in contents were measured: biomass (increased by 87%), sulfate
(decreased by 95%), sulfide (increased by 83%), lactate (decreased by 88%) and acetate (increased by
91%). Relative growth and survival of D. piger Vib-7 achieved the highest percentages at 7 mM of
sulfate and 35.6 mM of lactate. Higher concentrations than these resulted in the stability of relative
growth and it stayed at the same level during 12 to 48 h. Lower concentrations of sulfate (<3.5 mM)
and lactate (<17.8 mM) were not enough for the achievement of maximum growth parameters.
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Figure 1. The growth of D. piger Vib-7 and their sulfate reduction.

As can be seen in Figure 2, the consumption of sulfate was highly dependent on its different
concentrations in cultivation medium, time of cultivation, and the presence of lactate donors (it was
constant at 17.8 mM of lactate).

Figure 2. Growth of D. piger Vib-7, and their survival and sulfate reduction parameters during 12, 24, 36,
and 48 h of cultivation: the effect of electron acceptor (sulfate)/donor (lactate) at different concentrations
(columns: first = 12 h, second = 24 h, third = 36 h, fourth = 48 h).
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After 12 h, 54% of the sulfate was consumed in medium with lower sulfate concentrations
(0.87 mM), although after 48 h, sulfate was almost consumed (98%) at the lowest concentration
(0.87 mM) and only 28% at the highest sulfate concentration, where 72% was not used during this
time period. Under other conditions, the following changes occurred: different lactate concentrations
(4.45 mM, 8.9 mM, 17.8 mM, 35.6 mM, 53.4 mM, or 89 mM) were added in the cultivation medium and
the consumption of the sulfate was measured.

As can be seen in Figure 2, sulfate consumption depended not only on its concentration, but was
also strongly correlated with the concentration of an electron donor (lactate). Within this environment
14% of the sulfate was used at the lowest lactate concentration (4.45 mM) and 50% at 89 mM of lactate
in the medium after 12 h of cultivation. The time of cultivation and lactate concentration increased the
sulfate reduction in the medium. After 48 h, sulfate was used only 39–55% at the lowest concentrations
of lactate (4.45–8.9 mM) because not enough electron donor was present. However, increasing the
lactate concentrations from 35.6 to 89 mM induced 91–98% consumption of sulfate. The same trend
was noticed with the lactate consumption. It could be seen that the production of sulfide was not very
much influenced by the concentration of electron acceptor (0.87 mM to 17.5 mM), or the electron donor
(4.45 mM to 89 mM), in the time interval from 24 to 48 h. The hydrogen sulfide production during this
time period was stable. The highest production (78%) of sulfide was accumulated during the first 12 h
and gradually decreased to 39%, 29%, and 22%, after 24, 36, and 48 h, respectively, under the conditions
of 3.5 mM sulfate and 17.8 mM lactate. A similar trend was noticed in acetate production, although
acetate production was more influenced by the sulfate and lactate concentration in the medium, as
well as by the cultivation time. The highest production of acetate was until the 36th h of cultivation
and after this period it decreased (Figure 2).

Based on different concentrations of electron acceptor and donor, PCA was carried out (Figure 3)
that included the separate parameters of biomass, sulfate and lactate consumption, and H2S and acetate
production, as well as PCA that included all mentioned parameters.

Figure 3. Principal component analysis of the D. piger Vib-7 growth and the parameters of sulfate
reduction under the effect of electron acceptor (sulfate)/donor (lactate) at different concentrations.
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PCA that included separate parameters did not show clusters that would indicate a trend observed
in Figure 2, but PCA that included all parameters showed that concentrations of 53 mM lactate and
0.87 mM sulfate, 1.75 mM sulfate and 35.6 mM lactate, and 3.5 mM sulfate and 17.3 mM lactate formed
separated clusters. These findings indicated that lower concentrations of sulfate were prevailing in an
environment with higher concentrations of lactate.

To observe side shifts in the process of sulfate reduction in the intestinal environment, including
different concentrations of sulfate and lactate, cross correlation analysis was carried out between the
following parameters: biomass and sulfate, biomass and sulfide, biomass and lactate, biomass and
acetate, sulfate and sulfide, sulfate and lactate, sulfate and acetate, sulfide and lactate, sulfide and
acetate, and lactate and acetate (Figure 4).

 

Figure 4. Cross-correlation analysis between growth (biomass) and sulfate reduction parameters under
the effect of electron acceptor (sulfate)/donor (lactate) at different concentrations.
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The higher sulfate concentrations resulted in a shift to the left or right side on the Y axis, in comparison
to the control sample (red line in Figure 4A), by all parameters, although more significantly by the
following parameters: biomass and lactate, biomass and acetate, sulfate and lactate, and sulfate and
acetate. Oppositely, lactate concentration effect did not cause similar shifting on the Y axis (Figure 4B).

PCA of the D. piger Vib-7 growth and the parameters of sulfate reduction based on cross-correlation
analysis clearly showed an isolated cluster of the highest sulfate consumption (17.5 mM) in comparison
with other concentrations. This means that bacteria were not able to fully consume these high sulfate
concentrations during 48 h of cultivation (Figure 5).

 
Figure 5. Principal component analysis of the D. piger Vib-7 growth and the parameters of sulfate
reduction based on cross-correlation analysis.

The kinetic parameters of D. piger Vib-7 growth under the effect of electron acceptor (sulfate)/donor
(lactate) at different concentrations are shown in Table 1.

Table 1. Kinetics of D. piger Vib-7 growth under the effect of electron acceptor/donor.

Electron Acceptor (Sulfate) Electron Donor (Lactate)

Sulfate
(mM)

Lag-
Phase (h)

Generation
Time Td

(h)
μmax (h−1)

Lactate
(mM)

Lag-
Phase (h)

Generation
Time Td

(h)
μmax (h−1)

0.87 38.2 ± 3.5 16.5 ± 1.5 0.009 ± 0.0001 4.45 36.6 ± 3.7 14.5 ± 1.35 0.009 ± 0.008
1.75 5.9 ± 0.46 4.3 ± 0.44 0.02 ± 0.001 8.9 7.1 ± 0.66 3.6 ± 0.33 0.03 ± 0.001
3.5 6.4 ± 0.62 1.8 ± 0.15 0.05 ± 0.004 17.3 6.4 ± 0.60 1.8 ± 0.12 0.05 ± 0.004
7.0 7.4 ± 0.73 1.1 ± 0.10 0.08 ± 0.007 35.6 4.9 ± 0.43 1.1 ± 0.10 0.08 ± 0.007

10.5 3.3 ± 0.31 1.3 ± 0.12 0.06 ± 0.005 53.4 3.1 ± 0.29 1.3 ± 0.11 0.07 ± 0.005
17.5 5.5 ± 0.59 1.6 ± 0.14 0.05 ± 0.005 89.0 5.4 ± 0.51 1.5 ± 0.13 0.06 ± 0.004
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Under sulfate concentrations of 10.5 mM the shortest lag phase was measured and specific
maximum rate of growth (μmax) was the fastest at 7.0 mM of sulfate. Under electron donor (lactate)
concentrations the shortest lag phase and the fastest specific maximum rate of growth were detected at
53.4 mM and 35.6 mM of lactate, respectively.

4. Discussion

The sulfate consumption and sulfide production, and the lactate consumption and acetate
accumulation are important factors influencing the intestinal environment [7–10]. Intestinal
sulfate-reducing bacteria, especially Desulfovibrio genus, are often found in the intestines and feces of
people and animals with IBD. One of the main roles in the development of colitis, among other factors,
can also be the species of this genus. These bacteria use sulfate as a terminal electron acceptor and
organic compounds as electron donors in their metabolism [6,7]. This fact leads us to the conclusion
that sulfate present in the daily diet plays an important role in the development of bowel disease.
Sulfate is present mainly in the following food commodities: some breads, soya flour, dried fruits,
brassicas, and sausages, as well as some beers, ciders, and wines. These data indicate that sulfate
intake is highly dependent on diet and the small–large intestine axis [13].

In our previous research, principal component analysis indicated that the Desulfovibrio strains from
individuals with colitis were grouped in one cluster by biomass accumulation and sulfide production,
and the strains from healthy individuals formed another cluster by the same parameters. Sulfate and
lactate consumption measured over time showed a negative correlation (Pearson correlations, p < 0.01).
The linear regression (R2) was lower in biomass accumulation and hydrogen sulfide production. Thus,
biomass accumulation and sulfide production, together with measured kinetic parameters, play an
important factor in bowel inflammation, including ulcerative colitis. Additionally, acetate produced
by SRB can also be in synergic interaction with H2S, while sulfate consumption and lactate oxidation
likely represent minor factors in bowel disease [16].

Our results provide an opportunity to find the optimum growing point of the bacteria. The study
confirmed an intense growth of D. piger Vib-7 in the presence of higher concentrations of electron
acceptor and donor, though the consequence is an intensive accumulation of sulfide and acetate. Data
from the literature indicate that these conditions can be the cause of ulcerative colitis that can lead
to cancer of the bowel. This statement is supported by the fact that hydrogen sulfide negatively
affects intestinal mucosa and epithelial cells, inhibits the growth of colonocytes [4,14–18,34–37], causes
phagocytosis, causes the death of intestinal bacteria [4,12,24], and induces hyperproliferation and
metabolic abnormalities of epithelial cells [12]. The high level of metabolites and the presence of
SRB are connected with the inflammation of the colon [4,6,36]. Therefore, the integrity of colonocytes
is maintained by hydrogen sulfide concentration [35–37]. Sulfide production is higher among SRB
isolated from individuals with ulcerative colitis [5,6].

Other research describing cross-correlation parameters of the SRB metabolic process indicated that
the strains isolated from people with colitis shifted to the right side of the Y axis by biomass accumulation,
sulfate consumption, lactate oxidation, as well as hydrogen sulfide and acetate production, compared
with the strains isolated from healthy individuals. Different percentages were observed in shifting
to the right side of the Y axis: biomass accumulation 26%, sulfate consumption 1.5%, and sulfide
production 5% [14]. It should be noted that the intestinal microbiota is a very complex system that
may limit this study. There are a lot of interactions with clostridia, methanogens, lactic acid bacteria,
etc. However, a central role in the development of IBD, especially ulcerative colitis, is SRB [1–3,11].
This bacterial group, producing hydrogen sulfide, can inhibit other microbiota, including lactic acid
bacteria, methanogens, and many other intestinal microorganisms [2].

A diet high in sulfate ions (preservatives added to food often contain sulfur oxides) causes an
increase in hydrogen sulfide concentration by SRB in rumens. The studies have revealed that the
western diet contains over 16.6 mmol sulfate/day [13] and the feces of approximately 50% of healthy
individuals contain SRB (up to 92% belong to the genus Desulfovibrio) [1,5]. Sulfate polysaccharides
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such as mucin, chondroitin sulfate, and carrageenan are broadly consumed, and they represent good
sources of sulfate for SRB [24]. It should also be noted that hydrogen sulfide can be toxic not only for
intestinal cells, but also for its producers. The highest toxicity of H2S was measured in the presence of
concentrations higher than 6 mM, where growth was stopped, though metabolic activities were not
100% inhibited. These findings are confirmed by cross correlation and principal component analysis
that clearly support the above mentioned results. The presence of 5 mM H2S resulted in a two times
longer lag phase and generation time was eight times longer. The results confirmed toxicity of H2S
toward Desulfovibrio [18]. Beside sulfate and lactate, terminal oxidative processes in the human large
intestine could be involved in the activities of SRB, and consequently the production of hydrogen
sulfide in high concentrations that can cause inflammatory bowel disease development.

5. Conclusions

The study gave more information about the intestinal environment in vitro concerning sulfate and
lactate concentrations and their effects on the growth parameters of Desulfovibrio piger Vib-7. Almost
total consumption of sulfate and lactate was achieved after 60 h of cultivation, though the best relative
growth and stability was measured at 7 mM and 35.6 mM of sulfate and lactate, respectively. PCA
including separated parameters did not show combined clusters, but PCA based on all parameters
showed that different concentrations of sulfate and lactate formed separated clusters. These obtained
results represent the main findings of the research, indicating that SRB would grow at the highest level
under these experimentally simulated conditions. These conditions are an indicator of higher SRB
activity that can lead to the development of IBD, and further studies will certainly focus more on the
intestinal environment concerning SRB not only in vitro, but also in vivo.
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18. Kushkevych, I.; Dordević, D.; Vítězová, M. Toxicity of hydrogen sulfide toward sulfate-reducing bacteria
Desulfovibrio piger Vib-7. Arch. Microbiol. 2019, 201, 1–9. [CrossRef] [PubMed]

19. Kushkevych, I.; Kollar, P.; Suchy, P.; Parak, T.; Pauk, K.; Imramovsky, A. Activity of selected salicylamides
against intestinal sulfate-reducing bacteria. Neuroendocrinol. Lett. 2015, 36, 106–113. [PubMed]

20. Kushkevych, I.; Kollar, P.; Ferreira, A.L.; Palma, D.; Duarte, A.; Lopes, M.M.; Bartos, M.; Pauk, K.;
Imramovsky, A.; Jampilek, J. Antimicrobial effect of salicylamide derivatives against intestinal sulfate-
reducing bacteria. J. Appl. Biomed. 2016, 14, 125–130. [CrossRef]

21. Kushkevych, I.; Kos, J.; Kollar, P.; Kralova, K.; Jampilek, J. Activity of ring-substituted 8-hydroxyquinoline-
2-carboxanilides against intestinal sulfate-reducing bacteria Desulfovibrio piger. Med. Chem. Res. 2018, 27,
278–284. [CrossRef]

22. Loubinoux, J.; Valente, F.M.A.; Pereira, I.A.C. Reclassification of the only species of the genus Desulfomonas,
Desulfomonas pigra, as Desulfovibrio piger comb. nov. Int. J. Syst. Evol. Microbiol. 2002, 52, 1305–1308.
[PubMed]

23. Postgate, J.R. The Sulfate Reducing Bacteria; Cambridge University Press: Cambridge, UK, 1984.
24. Rowan, F.E.; Docherty, N.G.; Coffey, J.C.; O’Connell, P.R. Sulphate-reducing bacteria and hydrogen sulphide

in the aetiology of ulcerative colitis. Br. J. Surg. 2009, 96, 151–158. [CrossRef] [PubMed]
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Abstract: Otitis media (OM) is one of the most common diseases occurring during childhood.
Microbiological investigations concerning this topic have been primarily focused on the four
classical otopathogens (Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis and
Streptococcus pyogenes) mainly because most of the studies have been conducted with culture-dependent
methods. In recent years, the introduction of culture-independent techniques has allowed
high-throughput investigation of entire bacterial communities, leading to a better comprehension
of the role of resident flora in health and disease. The upper respiratory tract (URT) is a region of
major interest in otitis media pathogenesis, as it could serve as a source of pathogens for the middle
ear (ME). Studies conducted with culture-independent methods in the URT and ME have provided
novel insights on the pathogenesis of middle ear diseases through the identification of both possible
new causative agents and of potential protective bacteria, showing that imbalances in bacterial
communities could influence the natural history of otitis media in children. The aim of this review is to
examine available evidence in microbiome research and otitis media in the pediatric age, with a focus
on its different phenotypes: acute otitis media, otitis media with effusion and chronic suppurative
otitis media.

Keywords: otitis media; microbiota; upper respiratory tract; adenoid; middle ear; microbiota axes

1. Introduction

The human microbiota consists of ecological communities of commensal, symbiotic and pathogenic
microorganisms that colonize several body sites, as the gastrointestinal tract, respiratory system, oral
cavity, skin and female reproductive system [1]. In past years, microbiological investigations have been
predominantly conducted with culture-dependent methods, therefore many sites in the human body
have been considered sterile until recently. However, the introduction of culture-independent
techniques has allowed investigation of entire bacterial communities [2], leading to a better
comprehension of the role of resident flora in health and disease. These microorganisms and
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their products play indeed a critical role in the regulation of many homeostatic processes, including
immune response and inflammation [3] and defense against pathogens [4]. A diseased alteration
in the composition of these bacterial communities, defined dysbiosis, can therefore lead to many
pathological conditions, including infections [5].

Most of these studies have been conducted with a marker gene analysis based on a broad-range
PCR, using primers that target a segment of the 16SrRNA gene, a highly conserved region contained
in bacterial genomes. This method, combined with next-generation sequencing technologies, permits
the simultaneous characterization of an entire community [6]. This approach allows a fast and
cost-effective analysis that provides a low-resolution view of a microbial community. However, there
are also some limitations that should be taken into account when interpreting data derived from these
studies: it is not possible to determine whether taxa detected are alive or dead, active or inactive, thus
there is limited functional information; it is susceptible to over amplification bias, especially with
low biomass samples such as middle ear fluid; as a short segment of 16SrRNA gene is amplified and
sequenced, taxonomic resolution is usually limited to family or genus level; there is great variability
depending on technical aspects as region selection, amplicon size, sampling, storage, sequencing
approach, and bioinformatic analysis. Full-gene 16S rRNA gene sequencing and metagenome and
metatrascriptome analyses may overcome some of these limitations but are less adopted as they are
relative expensive and complex to perform [7]. Middle ear infections and diseases are widespread
in pediatric age. Acute otitis media (AOM) is the most common bacterial infection in childhood [8]
and the leading cause of antibiotic prescription in pediatric patients [9]; similarly, otitis media with
effusion (OME) is prevalent in the first years of life, as up to 80% of children suffer from one or more
episodes by 10 years of age; however, it should be considered that the prevalence of OME varies across
population and could be difficult to define accurately, as this condition is often asymptomatic [10].

The upper respiratory tract (URT) is a region of major interest in otitis media pathogenesis:
According to the Pathogen Reservoir Hypothesis (PRH), the adenoid pad serves as a source of
pathogens that can grow in this region and further spread to the respiratory system and middle ear,
leading to infections and diseases [11–14].

The URT extends from the nostrils to the portion of the larynx above the vocal cords and harbors
the highest bacterial density in the whole respiratory system [15]; however, these bacterial communities
have been studied with more effort and from an ecological perspective only in recent years, after
the introduction of culture-independent techniques [16].

Scientific interest has been focused on the comprehension of the characteristics of a healthy
URT microbiota and the mechanism that guarantees its balance, as mounting evidence shows that
resident bacteria are able to inhibit colonization and growth of otopathogens [14,17,18]. Those
microorganisms that are essential in maintaining balance and function of a bacterial community are
defined keystone species (see Table 1 for definitions of common terms used in microbiota analysis).
In the URT, Dolosigranulum spp. and Corynebacterium spp. have been identified as potential keystone
species, as they have been associated with respiratory health and exclusion of otopathogens in several
studies [19–22].

Reconstitution of healthy microbial communities through administration of probiotics for
the prevention of middle ear diseases in children is a topic of major clinical and scientific interest.
Several trials have been conducted, but results lack consistency [23,24]. Deepening our knowledge
on the physiological features of the URT microbiota and understanding how modifications in its
balance relate to the pathogenesis of otitis media could be of remarkable importance in developing
probiotic therapies. Furthermore, middle ear microbiota involvement in this field has been gaining
interest in recent years, although less studies are available in comparison with URT microbiota, due to
the different feasibility in collecting samples.

The aim of this review is to examine evidence available in microbiome research on otitis media
in children. We will describe the most important factors that impact on microbiota development
in the first years of life and that could influence the natural history of otitis media; then, we will
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focus on otitis media phenotypes and discuss evidence available on URT and middle ear microbiome
in different diseases.

Table 1. Definitions of common terms used in microbiota investigations.

Microbiota
Ecological communities of commensal, symbiotic and pathogenic

microorganisms that colonize several body sites, as the gastrointestinal
tract, respiratory system, oral cavity, skin, and female reproductive system

Microbiome Genetic material of the microorganisms of a community

Keystone Species
Microorganisms with a great impact on an ecological community,

considered important in maintaining its organization and function

Biodiversity
Number of OTUs in a community and their relative abundance. It is

determined by richness (how many OTUs in a sample?) and evenness
(how equally distributed relative abundances are in a sample?)

Alpha-Diversity
Diversity within sample: how abundant OTUs are in relation to others

in the same sample?

Beta-Diversity Measure that compares different microbial communities

Operational Taxonomic Unit (OTU)
Cluster of related sequences (usually with 97% or more similarity) that

represent a taxonomic unit of a microorganism

2. Methods

The research was conducted on the PubMed database, including all evidences available until April
2020. MeSH terms as “otitis media”, “microbiota”, “child”, “child, preschool” and “infant” were used.
More articles were included combining the keywords “microbiota” and “microbiome” with terms as
“acute otitis media”, “otitis media with effusion”, “chronic otitis media”, “adenoid”, “adenotonsillar”,
“nasopharyngeal”, “middle ear”.

A total of 91 potentially relevant studies were identified through this search strategy. After title
and abstract analysis, 51 studies were excluded as non-pertinent, according to the following criteria:
disease different from OM; site of investigation different from URT or ME; adult population; studies
conducted on animals were also excluded, as the main focus of this review was to discuss evidence
available in children. A total of 40 remaining articles were then selected for more detailed assessment,
and 14 investigations were further excluded in this phase (see Figure 1 for more details on methods).

Figure 1. Search strategy conducted for this review. Legend: OM: Otitis media. AOM: Acute otitis
media. OME: Otitis media with effusion. CSOM: Chronic suppurative otitis media. ME: Middle Ear.
URT: Upper respiratory tract.
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After this process, 26 studies were included in this review: 10 studies on acute otitis media (AOM,
1321 subject enrolled in all studies), 13 studies on otitis media with effusion (OME, 501 subjects enrolled
in all studies), 3 studies on chronic suppurative otitis media (CSOM, 217 subjects enrolled in all studies).

3. Environmental Factors and Microbiota Development in the First Years of Life

The microbial communities that colonize the human organism are dynamic and change throughout
life under the effect of several environmental factors, but infancy and early childhood represent
the critical period in shaping their composition [25,26]. These external factors can impair the homeostatic
functions mediated by the microbiota, leading to immediate consequences or impacting the health
status in the later stages of life [27]. This is particularly evident for the URT microbiota, as this region
is interconnected with middle ear, lower respiratory tract, and gastrointestinal tract, and represents
the interface between these systems and the external environment.

Immediately after birth, in the first hours of life, the URT in healthy neonates becomes colonized
by microorganisms of maternal origin [28]. Niche differentiation starts in the first week of life, with
a predominance of Staphylococcus spp., followed by an enrichment of Corynebacterium, Dolosigranulum,
and Moraxella [29].

The first months of life are of remarkable importance in the development of URT microbial
communities and their composition: Biesbroek et al. described eight distinct microbiota profiles
in the URT of healthy infants, showing that a distinct bacterial profile could be identified by the sixth
week of life; moreover, this early bacterial colonization plays a pivotal role in the stability of microbial
communities: profiles dominated by Moraxella and Dolosigranulum/Corynebacterium are associated with
a stable microbiota and with lower rates of respiratory infections in later stages of life, while less stable
profiles are associated with high abundance of Haemophilus and Streptococcus [30].

Theo et al. confirmed the role of Corynebacterium and found a positive role of Alloiococcus
in the first year of life in the development of URT microbial communities; moreover, authors reported
data on nasopharyngeal (NP) microbiota in children with respiratory diseases, concluding that some
Moraxella spp. were associated with an increased risk of disease rather than respiratory health [31].

Several environmental factors, discussed below, can influence the shaping of the URT microbiota
composition in the first years of life.

3.1. Delivery Route

As it is generally known, children born by caesarian-section (C-section) suffer from a higher incidence
of respiratory illness and morbidity in comparison with children born by vaginal delivery [32,33].

In one of the first reports concerning nasopharyngeal microbiota and route of delivery, swabs
from different body sites were collected from healthy neonates immediately after birth: Authors found
that undifferentiated microbial communities in vaginally delivered children were similar to maternal
vaginal microbiota, while those who were born by C-section had microbial communities resembling
maternal skin surface [28].

A subsequent longitudinal study on this theme analyzed nasopharyngeal swabs collected from
102 children in the first 6 months of life, showing a predominance of bacteria previously associated
to microbiome stability and respiratory health in early stages of life (Moraxella, Corynebacterium,
and Dolosigranulum) in children born by vaginal delivery [29]. These microorganisms are likely derived
from maternal skin (Staphylococcus and Corynebacterium) [34] or from vaginal tract (Dolosigranulum,
Staphylococcus, or Streptococcus) [35].

However, by contrast, another study evidenced that differences related to delivery route are
transient and disappear by six weeks of age, suggesting that the development of the microbiota
in the postnatal period is more related to the body site that harbors a community [36].

46



J. Clin. Med. 2020, 9, 2845

3.2. Breastfeeding

Breastfeeding is a significant protective factor against infections [37,38]. This effect is related not
only to the presence of antibacterial substances in maternal milk [39], as it is known that breastfeeding
can significantly facilitate the development of a healthy microbiota.

Biesbroek et al. showed that breastfed infants develop a bacterial profile enriched by Dolosigranulum
and Corynebacterium at six weeks of age in comparison with formula fed infants; moreover,
Dolosigranulum abundance was inversely associated with wheezing episodes and a number of parental
reported respiratory tract infections, even after correction for feeding type. [40].

Similar data were provided by Bosch et al.: Children who suffered from a higher number of
respiratory infections had an aberrant nasopharyngeal microbiota development in the first month
of life, that coincided with a prolonged reduction of Dolosigranulum and Corynebacterium; authors
found that breastfeeding was an independent driver of this aberrant development, as a prolonged
dominance of these bacteria was observed in breastfed infants. However, similarly to delivery route,
these dissimilarities are transient and disappear around six months of age [41].

3.3. Antibiotic Therapy

Antibiotic therapy can significantly impair composition and balance of the microbiome [42].
This is particularly relevant in pediatric age, in which antibiotic prescription and misuse is quite
common [43].

In the URT, antibiotic administration causes a reduction of the abundance of potential beneficial
bacteria, such as Dolosigranulum and Corynebacterium, and an increase in Haemophilus, Streptococcus,
and Moraxella [31]. Moreover, in children with AOM, a recent antibiotic therapy induces a reduction
of Streptococcaceae and Corynebacteriaceae and an increased abundance of Enterobacteriaceae and
Pasturellaceae in the URT [44]. Subsequent longitudinal studies confirmed how antibiotic treatment
can induce a reduction in the abundance of potential beneficial bacteria, as Dolosigranulum and
Corynebacterium [41,45].

3.4. Pneumococcal Vaccination

The introduction of the pneumococcal conjugate vaccination (PCV) in the pediatric population
has led to an important reduction of OM episodes caused by the serotypes included in the vaccine [46].
On the other hand, the introduction of pneumococcal vaccination programs has resulted in important
modifications in OM microbiology: H. influenzae has become the most common otopathogen and
OM episodes caused by M. catarrhalis have become more frequent; moreover, serotypes not included
in PCVs have been more frequently identified as causative agents of diseases [47,48].

These findings suggest that the introduction of PCVs might have induced modifications
in the composition of the microbial communities in the respiratory system. However, evidence
supporting these findings has been focused prevalently on otopathogens, while studies conducted
with high-throughput methods and looking at whole bacterial communities in the URT are lacking
and show conflicting results.

In one of the first investigations on the whole NP microbiota and AOM, Hilty et al. reported
that a previous exposure to PCV-7 in children with AOM was associated with reduced abundance of
commensal families (Streptococcaceae and Corynebacteriaceae) [44].

A possible influence of this vaccination on NP microbiota was later reported by Biesbroek et al.
In this investigation, NP swabs were collected from healthy children who received PCV-7 and from
unvaccinated children: vaccination affected the URT microbiota causing a shift in composition and
structure of the bacterial community, with an increase of Veillonella, Prevotella, Fusobacterium, Leptotrichia,
Actinomyces, Rothia, and non pneumococcal streptococci, in addition to an increased bacterial diversity
and inter-individual variability [49].
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Longitudinal data on this theme were further provided in another study conducted in Switzerland
by Mika et al., who compared NP microbiota in healthy children who were vaccinated with PCV-7 or
PCV-13, showing that those who received PCV-13 had a more diverse and stable URT microbiota and
a lower pneumococcal carriage rate compared to those who received PCV-7 [50].

However, in contrast to these findings, other available studies suggest that PCV might not have
such a relevant impact on the URT microbiota. Faezel et al. performed a randomized controlled trial
in Kenya comparing NP microbiota of children who received a 10-valent pneumococcal vaccine vs.
children who received Hepatitis A vaccine. In this longitudinal study, NP swabs were collected before
the administration of the vaccine and after 6 months. The authors found that PCV did not cause any
significant alteration in the abundance or prevalence of otopathogens [51].

Moreover, a more detailed longitudinal study conducted in Gambia analyzed NP swabs collected
periodically from birth to the first year of life. Children were divided in three groups according to
vaccination schedule: Two groups received two different types of PCV-7, while the third group was
composed by unvaccinated children. Again, bacterial communities were comparable across groups,
as there were no significant differences in richness, diversity, and composition. Interestingly, PCV-7
vaccination reduced the nasopharyngeal carriage of vaccine serotypes, but pneumococcal carriage
remained high among vaccinated infants, probably because of an immediate expansion of non-vaccine
serotypes [52].

Interesting data were provided by Andrade et al. in a complex investigation that compared
53 children vaccinated with PCV-10 vs. 27 unvaccinated children. The strength of this study is
the integrated metagenomic and transcriptomic analysis: no difference were found in nasopharyngeal
carriage rates of S. pneumoniae, S. aureus, H. influenzae, or M. catarrhalis by either transcriptomic
ormetagenomics analysis, but unvaccinated children had higher metabolic rates for S. pneumoniae,
compared to PCV-10 vaccinated children [53].

Available evidence thus suggest that PCV has a direct impact on pneumococcal carriage, which
in turn might indirectly affect the whole bacterial community in the URT. However, results are
conflicting: a possible explanation could be found in the variation of pneumococcal carriage rates
in relation to the geographic region and socio-economic status: the effects of PCV might indeed be
different while considering developed or developing countries [54].

This particular theme was investigated in a study conducted in Fiji, in which NP microbiota from
two ethnic groups (iTaukei and Fijians of Indian descent) was analyzed. These groups are known to
have a different carriage prevalence of S. pneumoniae and a different burden of pneumococcal disease,
which is higher in the iTaukei population. NP swabs were collected from 132 total children belonging
to the two ethnic groups that were further divided in two subgroups based on whether children had
been previously vaccinated or not with PCV-7. The vaccination had no overall impact on microbial
diversity or composition, but significant modifications were evident when stratifying by ethnicity:
vaccinated iTaukei children had a lower relative abundance of Streptococcus and Haemophilus compared
with unvaccinated ones, while vaccinated Indian descent children had a higher relative abundance of
Dolosigranulum compared with those unvaccinated [55].

3.5. Smoking

Studies conducted in adult subjects suggest that active smoking impairs URT microbiota
composition [56]. It is likely that similar effects involve the pediatric population; however, studies
concerning active and passive smoking effects on URT microbiome in children are lacking.

4. Acute Otitis Media

Acute otitis media (AOM) is defined by the presence of fluid in the middle ear associated to signs
and symptoms of acute infection. It affects the majority of children in the first 3 years of life and
becomes recurrent in almost 50% of cases [10]. Recurrent acute otitis media (RAOM) is defined as four
or more AOM episodes in one year or three or more episodes in 6 months [57].
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Laufer et al. performed one of the first studies comparing NP microbiome in children with
AOM to healthy children. The authors evidenced that a higher relative abundance of Corynebacterium
and Dolosigranulum, in addition to Propionibacterium, Lactococcus, and Staphylococcus, was associated
with a lower incidence of pneumococcal colonization and AOM. The same study showed that a less
diverse and a less even microbiota was associated with colonization by S. pneumoniae, highlighting
the correlation between a higher biodiversity and better outcomes [20].

These data were confirmed in a subsequent investigation conducted by the same group on
240 children aged 6 months–3 years, that evidenced that a lower biodiversity was associated with
a higher colonization rate not only from S. pneumoniae but also from H. influenzae and M. catharralis;
moreover, authors compared diversity indices between health status and during an acute upper
respiratory infection (URTI), showing that biodiversity was significantly higher in healthy children
than during disease [19].

These findings on biodiversity during URTI are coherent with data provided by Hilty et al. that
evidenced how NP bacterial density is lower in children during an AOM episode compared with
the same in healthy status. Moreover, interesting insights were provided on how the infants’ microbiota
undergoes changes during an AOM episode, as the classical otopathogens predominated over
commensal families (Staphylococcaceae, Flavobacteriaceae, Carnobacteriaceae, and Comamonadaceae) [44].

In 2017 Chonmaitree et al. performed a longitudinal study on 139 healthy neonates, followed
since birth for the first 12 months of life or until the occurrence of the first AOM episode, collecting
971 swabs performed monthly and during an URTI or AOM. In particular, as it is known that URTI
often precedes an AOM episode, authors studied the characteristics of the NP microbiome during
transitional phase from URTI to AOM. Data revealed that an unstable microbiota during an URTI
episode with the predominance of otopathogens were associated with the occurrence of symptomatic
viral infection and with a higher risk of transition from URTI to AOM. Interestingly, otopathogens
were not predominant during otherwise asymptomatic viral infections [45].

Evidence on otitis-prone children, i.e., those already suffering for RAOM were provided by
Dirain et al.: Authors compared the microbial flora on adenoid tissue in a small group of subjects
undergoing adenoidectomy for RAOM (n = 5) or obstructive sleep apnea (OSA) (n = 5), finding that
the relative abundance of S. pneumoniae and M. catharralis was higher in the RAOM group [58].

A complex study with a higher sample size was subsequently performed on an Australian
population, comparing NP microbiome of 103 healthy children vs. 93 otitis-prone children undergoing
grommet insertion for RAOM, in order to identify potential protective genera. This investigation
confirmed the pivotal role of Dolosigranulum and Corynebacterium in NP microbiome, as these two
genera have been found to be significantly more abundant in the NP of healthy children compared
with otitis-prone children. As for biodiversity, in contrast with previous findings, this study found that
otitis-prone children had a significantly more diverse microbiome than controls. In addition, authors
analyzed middle ear fluid (MEF) microbiome collected from children undergoing surgery from RAOM
and performed a paired comparison with the NP microbiome of the same subject. Results showed that
these two niches were not highly concordant: In particular, the interesting data is that Alloiococcus and
Turicella have been found to be abundant in MEF but almost absent in the NP [22].

The MEF microbiome during an AOM episode was further investigated on 79 subjects aged
5–42 months. This report confirmed that the classical otopathogens are the predominant species in MEF
during AOM: S. pneumoniae was dominant in 16% of samples, H. influenzae in 17%, and M. catarrhalis
in 5.6%; moreover, Turicell aotitidis was detected as a clearly dominant bacteria in two samples,
suggesting that it could be a rare but true causative agent; Alloiococcus otitidis was detected only
in 3 samples; Staphylococcus auricolaris was predominant in two samples, but authors speculated
that this finding could be related to potential contamination from the external auditory canal (EAC);
however, A. otitidis and T. otitidis could be also related to EAC contamination [59].

Xu et al. compared the MEF microbiota during AOM episode to the NP microbiota analyzed
on nasal wash (NW) samples: A significantly higher abundance of A. otitidis was detected in MEF
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during AOM, compared with NW in health and disease; authors concluded that the ME could harbor
a resident microbiome that becomes different from NP after the onset of an infection. Moreover,
NP microbiome was analyzed prior to the onset of AOM vs. at AOM onset: In line with previous data,
NP microbiome during health was significantly more diverse than during AOM [60].

Paired analysis of NP and MEF microbiome during an AOM episode was subsequently performed
on a larger population, collecting 286 NP swabs in children aged 0–6 years; 42/286 episodes were
characterized by spontaneous tympanic membrane perforation (STMP), and thus, MEF microbiome
was analyzed in these cases. Authors found that diversity was strictly related to age: in particular, older
children had a higher richness and showed more personalized bacterial profiles, that develop toward
the end of the sixth year of life. The transition to an adult-like microbiome appeared in children older
than 3 years and was defined by an increase in Staphylococcaceae and Corynebacteriaceae. Furthermore,
authors found concordance between NP and MEF microbiome when the predominant bacteria in MEF
was S. pyogenes, H. influenzae, or S. pneumoniae. However, even this event appeared to be age-related,
as the concordance between NP and MEF microbiome became weaker as children got older. Authors
thus concluded that the NP microbiota does not necessarily resembles the one in ME: The URT
in children with AOM serves as a moderate proxy for MEF at a very young age but becomes more
diverse at a more advanced age [61].

The most frequently observed complication of AOM in clinical practice is the spontaneous
tympanic membrane perforation (STMP) [62]. However, evidence on microbiota in children with
history of RAOM with STMP is lacking. We believe that this condition represents a distinct phenotype
of disease in otitis-prone children [63], and more effort should be directed to this category of patients,
since their clinical management is often very challenging, and the most important AOM preventive
measurements are often less effective [64–66].

Man et al. conducted a study on 94 children with tympanostomy tubes who suffered from
ear discharge. In this case, authors observed a substantial concordance between paired NP and
MEF microbiota, thus supporting the pathogen reservoir hypothesis: in particular, Pseudomonas
aeruginosa, Staphylococcus aureus, Streptococcus pyogenes, Turicella otitidis, Klebsiella pneumoniae,
and Haemophilus spp. were correlated between these two sites. Moraxella spp., Streptococcus pneumoniae,
and Corynebacterium/Dolosigranulum were predominant in NP rather than in MEF, confirming their
role as keystone bacteria of the URT; by contrast, Turicella, P. aeruginosa and S. aureus were strongly
associated to MEF. Of interest, abundance of Corynebacterium and Dolosigranulum in NP related to
a shorter course of the disease and better clinical outcomes [67].

Evidence available on AOM display that Dolosigranulum and Corynebacterium might act as potential
keystone taxa in the URT, as they have been associated to a healthy status and to a lower colonization
rate by otopathogens such as S. pneumoniae. Moreover, studies conducted on MEF identify A. otitidis
and T. otitidis as possible novel otopathogens, although the theme of sample contamination from
the EAC deserves major clarification.

An overview on microbiome study in AOM previously discussed is reported in Table 2.
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5. Otitis Media with Effusion

Otitis media with effusion (OME) is defined as the presence of middle ear fluid without signs or
symptoms of acute infection. It is defined chronic otitis media with effusion (COME) whether it persists
for more than 3 months [10].

The first study on this topic with a high-throughput molecular approach was conducted by
Liu et al., through the investigation of the microbiota of middle ear, adenoid, and tonsils in an 8-year
old child with chronic middle ear effusion undergoing adenotonsillectomy and bilateral tympanic
tube insertion. Middle ear microbiota was dominated by Pseudomonadaceae, and tonsil microbiota
showed a predominance by Streptococcaceae; adenoid microbiota was the most complex, including
Pseudomonadaceae, Streptococcaceae, Fusobacteriaceae, and Pasteurellaceae, and shared microorganisms
found both in tonsils and middle ear, supporting the hypothesis that the adenoid pad could act
as a reservoir for both of these sites [68].

Relevant new insights on OME were subsequently provided in an Australian study analyzing
NP swabs, MEF, and adenoid specimens from 11 indigenous children undergoing surgery: MEF
microbiome was characterized by low diversity indices and predominance of a single bacteria, in most
cases A. otitidis, H. influenzae, or Streptococcus spp. In particular, A. otitidis was the most common
taxa in MEF and was not detected in any NP or adenoid samples. Thus, authors speculated that its
origin from NP was unlikely and that it could represent a typical microorganism of the ME niche;
however, as A. otitidis is a known commensal of the ear canal [69], further studies were warranted
to understand its role and the influence of the ear canal flora, especially in children who suffer from
recurrent tympanic membrane perforations [70].

Fago-Olsen et al. analyzed microbiota of palatine tonsils and adenoids from children undergoing
surgery for adenoid/tonsillar hyperplasia vs. subjects undergoing surgery for secretory otitis
media (SOM), showing that several microorganisms were occasionally co-detected in both sites,
but H. influenzae, S. pneumoniae, and M. catarrhalis were significantly more abundant in the adenoids
and almost absent from palatine tonsils, indicating that adenoids but not palatine tonsils could act
as main reservoir of pathogens leading to OM. However, it should be noted that this study did not
include MEF microbiota analysis [71].

Data concerning dissimilarities between NP and MEF microbiome were provided in a following
investigation including 10 children undergoing adenotonsillectomy and grommet insertion for OME.
The authors reported that adenoid and tonsil microbiota shared a higher similarity than adenoid and
ME, thus questioning the PRH in OME. According to previous findings, Alloiococcus and Turicella were
detected only in MEF samples; however, the most abundant genera in middle ear were Fusobacterium
and Staphylococcus [72]. These data were subsequently confirmed in an investigation by Ari et al.
on a larger population of children with OME: ME microbiome was characterized by a significant
predominance of Alloicoccus otitidis (44%), Turicella otitidis (6%), and Staphylococcus auricularis (3%),
while adenoid harbored a high relative abundance of Rothia, Staphylococcus, and Granulicatella. As for
diversity indices, no significant dissimilarities in alpha-diversity were found between MEF and adenoid
niches [73].

The potential role of A. otitidis as a key bacteria of the ME was confirmed in an investigation by
Chan et al., through the analysis of paired MEF samples and adenoid swabs from children undergoing
grommet insertion for OME and of adenoid swabs from healthy subjects. Data evidenced a different
composition in microbial communities between paired MEF and adenoid, as 13 of the 17 most abundant
genera showed a statistically significant difference in relative abundance. In particular, A. otitidis was
the predominant OTU in MEF (23% mean relative abundance), while it was almost absent in adenoid
samples (<1% relative abundance). Interestingly, this taxa was found in greater abundance in children
with unilateral effusion. Authors postulated that the dissimilarities between the MEF and adenoid
microbiota could question the PRH in children with OME: Adenoidal hypertrophy and Eustachian
tube dysfunction predispose to OME, but subsequent modifications in the ME environment determine
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an unbalance in the local flora with the predominance of a certain microorganism that can potentially
lead to acute disease [74].

Similarly, caution when using nasopharyngeal microbiota as a proxy for ME was warranted by
Boers et al. in an investigation comparing NP and ME microbiota in children with gastro-esophageal
reflux (GER) associated OM vs. children who suffered from OM without GER. Authors enrolled
30 subjects with RAOM, COME or both undergoing tympanostomy tube placement, identifying
Alloiooccus spp. and Turicella spp. as the most abundant taxa in MEF while absent in NP samples.
As for GER, no apparent effects were found on the NP and ME microbiota in the two groups [75].

A more recent investigation conducted in a tertiary hospital in China analyzed ME and adenoid
microbiota from children undergoing surgery for OME and adenoid hypertrophy (AH) vs. adenoid
microbiota from subjects without ear disease undergoing adenotonsillectomy for OSA. ME was
dominated by Haemophilus (14.75%), followed by Staphylococcus (9.37%) and Halomonas (7.85%);
moreover, in contrast with previous findings, Alloiococcus otitidis had low relative abundance in this
site (3.75%), and Turicella was not reported at all among the most abundant genera: Authors stated
that these differences with previous findings could be attributable to variation in sampling methods,
sample size or geographical location. Four taxa were found to be significantly differentially abundant
between ME and adenoid in OME group (Streptococcus, Neisseria, Alloprevotella, and Actinobacillus),
while the classical otopathogens were commonly found both in adenoid and ME in all OME patients.
Adenoid microbiota in controls was composed predominantly by Haemophilus (15.96%), Streptococcus
(13.33%), and Moraxella (12.28%); however, no significant differences in relative abundances of these
genera were found in adenoids of OME patients vs. controls. According to this data and to previous
findings, authors concluded that the dissimilarities in microbial compositions between these two niches
challenge the PRH in OME [76].

The potential reservoirs for ME microbiome in children with OME were investigated by Chan et al.:
MEF analysis showed similar results to the previous studies, as ME was dominated by A. otitidis,
followed by Haemophilus, Moraxella, Staphylococcus, and Streptococcus; the EAC microbiome was mostly
constituted by A. otitidis, Staphylococcus and Pseudomonas with rare otopathogens, whereas adenoid
microbiome was composed prevalently by otopathogens, with rare EAC genera such as Alloiococcus.
Basing on this data and on the previous study, authors concluded that both EAC and NP could
act as a reservoir for the middle ear in children with OME. However, as bacterial translocation
across an intact tympanum has not been demonstrated yet, a membrane perforation (spontaneous
or iatrogenic) is probably needed to allow bacteria to translocate from EAC to ME. Unfortunately,
a history of previous perforations in this cohort is not available [77].

Another pivotal genera in OME pathogenesis is Haemophilus, as highlighted in a study on
ME microbiome in 55 children with chronic middle ear effusion: the most abundant genera were
Haemophilus (relative abundance 22.54%), Moraxella (11.11%), Turicella (7.84%), Alcaligenaceae (5.84%),
Pseudomonas (5.40%), and Alloiococcus (5.08%). Moreover, children were grouped by age, hearing loss,
and mucin type expression in MEF: Haemophilus was significantly more abundant in children with
hearing loss and was associated to MEF containing MUC5B and MUC5A, suggesting a correlation
between hearing loss and mucin content in relationship to Haemophilus abundance [78].

Kolbe et al. provided data on 50 children undergoing tube placement for COME with a more
detailed taxonomic resolution. In contrast to previous data that observed a predominance by
Alloiococcus, Moraxella, or Haemophilus in MEF, in this study, microbial communities were highly
variable, and the classical otopathogens were absent in about half of the samples. Moreover, authors
compared subject based on whether they had a history of lower airway disease (asthma or bronchiolitis):
Haemophilus, Staphylococcus, and Moraxella were significantly more abundant in children with lower
airway diseases, while Turicella and Alloiococcus were less prevalent; in addition, ME microbial
communities in children with history of asthma/bronchiolitis were significantly less diverse than
children who had only COME [79].
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Nasopharyngeal microbiome is less diverse in children suffering from OME than in controls,
as highlighted by two case-control studies [80,81]. In particular, Walker et al. showed that the nasal
microbiome in children with OME is composed of a higher abundance of pathogens, with a lower
abundance of commensals as alpha-hemolytic Streptococci and Lactococcus. Moreover, cluster analysis
revealed that profiles dominated by Corynebacterium, Streptococcus, or Moraxella were associated
with COME, while healthy children had a more mixed bacterial profile with higher abundance of
commensals [81].

In conclusion, investigations on OME discussed above confirm the role of the known otopathogens,
in particular H. influenzae, as the predominant taxa in MEF during disease. Moreover, as previously
described for AOM, A. otitidis and T. otitidis are frequently identified as abundant members of the ME
microbiota. Studies have so far failed to define the possible reservoir for ME microbiome, and it is not
possible to exclude a sample contamination from the EAC, especially in a low biomass environment as
the ME. Concerning this theme, we believe that further studies should also be focused on patients with
a history of tympanic membrane perforation, which might be the entryway for microorganisms that
colonize the EAC.

An overview on microbiome study in OME previously discussed is reported in Table 3.
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6. Chronic Suppurative Otitis Media

Chronic suppurative otitis media (CSOM) is defined as a chronic inflammation of the middle
ear and mastoid cavity, with recurrent or persistent ear discharge through a non-intact tympanic
membrane [10]. Less evidence is available on microbial communities in pediatric patients suffering
from this condition.

Neef et al. compared 24 children with CSOM undergoing mastoid surgery to 22 healthy controls
undergoing ear surgery for other conditions as cochlear implantation or benign brain tumor removal.
Microbiota analysis and conventional culture were performed on swabs collected from middle ear
and mastoid cavity during surgery. Authors did not observe a typical bacterial profile associated to
CSOM, but highlighted the limits of the conventional culture-based approach, as no bacteria were
detected by culture in healthy subjects. By contrast, molecular analysis detected potential pathogens
as Staphylococcus, Pseudomonas, and Haemophilus even in healthy controls. As for diversity, authors
observed a major inter-personal difference among CSOM patients, whereas this finding was not
observed for controls. This data supported the hypothesis that microbial communities’ disruption and
dysbiosis could be implicated in CSOM pathogenesis [82].

These dissimilarities among patients suffering from CSOM are age-related, as reported by
Minami et al. In this investigation, middle ear swabs were collected during surgery in pediatric and
adult patients undergoing tympanoplasty for wet or dry COM vs. subjects undergoing surgery from
other conditions than otitis media. Proteobacteria was the predominant phylum detected in normal
subjects, both adults and children. However, the normal middle ear microbiota differed significantly
according to age: Authors concluded that this dissimilarity between adults and children could be
related to the higher incidence of Staphylococcus (Firmicutes phylum) in adults. Subjects with active
inflammation and wet COM had a lower abundance of Proteobacteria and a higher incidence of
Firmicutes: Authors warranted this finding to be considered in the pathogenesis of active inflammation
in COM, in relation to the potential penetration of several exogenous pathogens through a chronic
perforation. On the other hand, microbiome of dry COM was not significantly different from normal
middle ear [83].

Santos-Cortez et al. previously performed an investigation comparing ME and EAC microbiome
in 16 indigenous Filipino subject with chronic tympanic membrane perforation, showing that
the microbial communities between these two niches were similar, probably due to a cross-contamination
process through the perforated eardrum. Moreover, authors investigated microbiota composition
in subjects who were carrier of the A2ML1 gene, which encodes an alpha-2 macroglobulin-like
1 protein, previously identified as a genetically determined risk factor for of otitis media [84].
Authors detected a higher relative abundance of Fusobacterium, Porphyromonas, Peptostreptococcus,
Parvimonas, and Bacteroides in the ME of A2ML1-carrier patients, while Alloiococcus, Staphylococcus,
Proteus, and Haemophilus were more abundant in ME of non-carrier subjects. Authors speculated
that the expected loss-of-function of A2ML1 protein could influence ME microbiota composition
promoting survival and growth of specific microorganism. This findings warrant further investigations
on the relationship between host genotype and microbiota in OM [85].

Evidence on CSOM is lacking and does not show peculiar features of microbial communities
in this OM phenotype. Moreover, investigations discussed above include both adults and children,
thus it is difficult to draw any general conclusion in the pediatric population. The penetration of
microorganisms residing in the EAC from the chronic tympanic membrane perforation has been
considered in the pathogenesis of the active inflammation in CSOM, but further studies are needed to
define with major detail this aspect.

An overview on microbiome study in CSOM previously discussed is reported in Table 4.
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7. Probiotic Therapy

Prevention of OM in children represents one of the most difficult aspects in the clinical management
of these patients.

Restoration of dysbiosis through administration of probiotic strains is a preventive strategy that
has gained major clinical and scientific interest in recent years in several diseases, including otitis media.

Probiotics are defined as “live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host” [86]. The introduction of high-throughput sequencing methods has
allowed the investigation of entire bacterial communities and the identification of microorganisms
associated to health status in various conditions.

As previously discussed, evidence on microbiota in children suffering from OM suggest that
Corynebacterium spp. and Dolosigranulum pigrum are potential keystone taxa in the URT; thus, major
interest has been directed towards these two microorganisms and their potential use as probiotics.

A detailed discussion of evidence available on probiotic therapy in OM goes beyond the scope of
this review, as it has been recently extensively reviewed elsewhere.

A recent review by van den Broek et al. described novel insights on probiotic therapy in OM [87].
Basing on Koch’s postulates, authors introduced the “probiotic postulates” to define the ideal probiotic
strain to be used in clinical practice: The microorganism can be found in high abundance in health
status and decreased abundance during disease; the microorganism can be isolated from a healthy
organism and grown in pure culture; the cultured organism should promote health when introduced
into a diseased organism; it should be possible to re-isolate these microorganisms as identical to
the original agent from the healthy host. According to available evidence and to this postulates, authors
identified Dolosigranulum as a prime candidate for the development of probiotic therapy.

However, current knowledge is still not sufficient to define probiotic efficacy for preventing OM.
A recent systematic review included 13 studies on this subject, concluding that available evidence on
probiotics use for the prevention of AOM is limited; among the various formulations, possible benefit
could derive from nasal administration [88].

The most important limitations in evidence on this topic are poor to moderate quality of
the investigations and great heterogeneity in route of administration (oral vs. intranasal), probiotic
strains included in formulations, duration of therapy, and outcome measures.

8. Conclusions

The introduction of the modern molecular techniques and the subsequent investigations on
microbial communities in the human organisms have changed our conceptions of health and disease
and our approach to infectious conditions.

It is indeed well known that health and disease status are not merely determined by the presence
or the absence of a pathogen but depend on a complex balance established among pathogens, resident
microbiota, and host immune response.

Investigations previously described in this review have provided novel insights on the pathogenesis
of middle ear diseases and led to the identification of both possible new causative agents and of
potential protective bacteria, showing that imbalances in bacterial communities of the URT and ME
could influence the natural history of otitis media in children.

However, scientific data on this topic are often difficult to compare because of methodological
differences in specimen collection and analysis, in the site of investigation, and in data reporting.
Moreover, a lack of standard diagnostic criteria for OM across countries often influences the enrollment
phase and contributes to increase the heterogeneity among populations under investigation.

Another element that complicates data interpretation and deserves standardization is the use
of different databases during OTUs assignment. This is a relevant issue that should be taken into
consideration for two main reasons: different databases might lead to heterogeneous results; some
taxa could be misclassified with certain databases, as reported for A. otitidis and T. otitidis [89].

We believe that future investigation should be focused on the following aspects:
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• Defining standard criteria of specimen collection, analysis, and data reporting, in order to facilitate
data comparison across studies;

• Deepening our knowledge on the impact of various exogenous factors that have been less explored,
such as active/passive smoking, vaccines, and viral infections;

• Confirming the role of Corynebacterium and/or Dolosigranulum as keystone taxa, in order to evaluate
their possible use as probiotics;

• Understanding the development of URT and ME microbiota at different ages, in order to identify
a potential “window of opportunity” in which therapeutic interventions as probiotic administration
could be more effective, before the establishment of a stable microbial community that could be
modulated with difficulty;

• Investigating the concordance between NP and ME microbiota, in order to better define the role
of adenoid pad as a proxy for ME;

• Providing data on microbial communities in ME, which is no longer considered a sterile site;
• Defining with major detail the features of NP and ME microbial communities in different OM

phenotypes, in particular in children with recurrent STMP.
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Abstract: The gut microbiome appears to be a significant contributor to musculoskeletal health
and disease. Recently, it has been found that oral microbiota are involved in arthritis pathogenesis.
Microbiome composition and its functional implications have been associated with the prevention of
bone loss and/or reducing fracture risk. The link between gut–oral microbiota and joint inflammation
in animal models of arthritis has been established, and it is now receiving increasing attention in
human studies. Recent papers have demonstrated substantial alterations in the gut and oral microbiota
in patients with rheumatoid arthritis (RA) and osteoarthritis (OA). These alterations resemble those
established in systemic inflammatory conditions (inflammatory bowel disease, spondyloarthritides,
and psoriasis), which include decreased microbial diversity and a disturbance of immunoregulatory
properties. An association between abundance of oral Porphyromonas gingivalis and intestinal
Prevotella copri in RA patients compared to healthy controls has been clearly demonstrated. These
new findings open important future horizons both for understanding disease pathophysiology and
for developing novel biomarkers and treatment strategies. The changes and decreased diversity
of oral and gut microbiota seem to play an important role in the etiopathogenesis of RA and OA.
However, specific microbial clusters and biomarkers belonging to oral and gut microbiota need
to be further investigated to highlight the mechanisms related to alterations in bones and joints
inflammatory pathway.

Keywords: microbiota axis; gut microbiota; oral microbiota arthritis; joint inflammation

1. Introduction

Homo sapiens is more prokaryotic than eukaryotic, as the bacteria “layed” in the internal mucosae
(intestinal tract, reproductive organs, and respiratory tract) and externally in the body (skin and
hair) outnumber host cells 10 to 1 [1]. This paradigm shift has been prompted by the advent of
high-throughput metagenomic approaches and has definitively changed the way we study human
microbial ecosystems and their interactions with the host. Microbes present in these biological systems
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are deeply integrated in our daily life, and emerging research has sought to decipher this complex
inter-kingdom communication network present in our body and immune system. The gastrointestinal
(GI) tract has the highest density and variety of microorganisms (more than 100 trillion microbes and
approximately 1500 species). Early life host–microbe interactions, especially in the gut, drive the
development of immunity and the establishment of a stable complex microbial community, commonly
referred to as the commensal microbiota [2,3]. Extensive research has focused on gut microbiota and
host immune response effects in the context of protection against pathogenic gut microbes and the
pathophysiology of chronic inflammatory/autoimmune disease states [4,5]. For example, it has been
reported that in patients with Crohn’s disease, there is a relationship between dysbiosis and response
to treatment. Hence, microbiota could be a target of the treatment of chronic intestinal diseases [6].

Emerging scientific reports have also highlighted the immunomodulatory effects of gut microbiota
on other pathologic conditions, which often involve distant anatomical sites, such as the liver, the
brain, the heart and the skeleton [7–9].

Furthermore, several mechanisms and factors have been implicated to explain the role of microbiota
in bone and joint health [10]. The gut microbiome is indeed a source of a number of key vitamins,
such as cobalamin (B12), biotin (B7), folate, thiamine (B1), pyridoxal phosphate, pantothenic acid (B5),
niacin (B3), vitamin K, and tetrahydrofolate, which are particularly important for the health of the
musculoskeletal system [11].

Steves et al. highlighted how the gut microbiome can alter the inflammatory state of an individual
by influencing both the host metabolic potential and its innate and adaptive immune system [12]. These
authors further discussed the role of microbiota diversity on some prevalent age-related disorders,
such as osteoporosis, osteoarthritis, gout, rheumatoid arthritis, frailty and sarcopenia.

In the last decade, the alteration of gut microbiota has been reported in rheumatic disease and
arthritis, most notably in juvenile idiopathic arthritis (JIA), rheumatoid arthritis (RA), psoriasis, and
the related spondyloarthritides (SpA), including ankylosing spondylitis (AS) and reactive arthritis
(ReA) [13]. In a similar fashion to inflammatory bowel disease (IBD), it has been suggested that gut
bacteria play important role in the etiopathogenesis of these aforementioned conditions.

RA is an autoimmune disorder which occurs when the immune system affects the fluid that
nourishes the cartilage and lubricates the joints (synovium) and their soft tissues. Generally, the root
causes of arthritis include an increase in inflammatory processes and a decrease of the normal amount
of cartilage present at the joint. A correct diet and gut balance can improve these diseases [14]. Indeed,
inflammation-reducing foods containing antioxidants, such as fresh fruits, vegetables, or a gluten-poor
diet may improve symptoms and disease progression by restoring intestinal microbiota. Findings have
provided a model of how genetic and environmental factors, in association, cause autoimmune diseases
such as RA. Sakaguchi S. et al. reported that the causal genetic anomaly of ZAP-70, a polymorphism of
the MHC gene, significantly contributes to determining genetic susceptibility to autoimmune arthritis
in SKG mice. Furthermore, they demonstrated that the disease initiation requires the interaction of
both genetic and environmental factors, in particular the type of microbial colonization.

One of the most common form of arthritis is osteoarthritis (OA). This disease commonly occurs
when the protective cartilage on the ends of bones wears down over time by damaging any joint
of the hands, knees, hips and spine. OA is characterized by a chronic, low-grade inflammation
which is mediated primarily by the innate immune system, making it distinct from that observed in
RA. Several dietary factors have been reported to be involved in the pathogenesis of OA. Vitamins,
magnesium, and especially amino acids, i.e., little amounts of single amino acids supplementation such
as 0.5% (w/w) l-arginine or 1.0% (w/w) l-glutamine, have shown a significant influence on intestinal
microbiota, especially the ratio of Firmicutes/Bacteroidetes. Chitosan supplementation can also alter
the component of intestinal microbiota, causing a lowering of the ratio Firmicutes/Bacteroidetes, in
particular a decreasing of Bacteroidales and an increasing of the Lactobacillales in the feces [15,16].

The alteration of gut microbiota can thus lead to an increased translocation of microbial associated
molecular patterns (MAMPs) across the gut endothelium into the systemic circulation. MAMPs include
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factors such as lipopolysaccharide (LPS), peptidoglycan, and bacterial DNA. These factors can trigger
pro-inflammatory pathways by stimulating immune receptors in the resident immune cells of bone,
cartilage and synovium [17,18].

RA has long been associated with periodontal disease [19], and recent evidence on the oral
microbiome has emphasized its role in the arthritis. Using a metagenomics approach and molecular
investigations, common opinion has been formed that each individual carries over 700 species in
the oral cavity, and this microbiome is the second largest microbial niche after the gastrointestinal
tract [20]. Oral bacteria may penetrate through the gingival pockets and enter into the bloodstream.
The translocation of microbiota-derived molecules into systemic circulation is considered one route for
the microbiome to mediate arthritis by stimulating specific cytokines (see below).

There is not so much evidence on microbiota association with some musculoskeletal diseases
related to age, as RA and OA. However, it seems that these clinical issues are associated with
inflammatory changes, which could be specifically related to microbiota changes or be associated with
age. Some studies described below on microbiota and arthritis were age-matched, presuming that the
shaping of microbiota may have a role in the developing and maintaining these diseases independently
by age.

The present review aims to address the most recent findings regarding the oral and gut microbiomes
and their relationship with RA and OA, respectively.

2. Oral Microbiota in RA and OA

RA is an autoimmune disease affecting the synovium and cartilage with bony erosion. Recently,
the relationship between the oral microbiome and systemic diseases has been explored [21,22]. Sher et
al. demonstrated that overall exposure to Porphyromonas gingivalis was similar between patients with
RA and controls. These authors found an abundance of Anaeroglobus geminatus that correlates with the
presence of rheumatoid factors, and Prevotella and Leptotrichia species are the only taxa that have been
observed in patients with new-onset RA [22].

Chen et al. showed that RA has a distinct oral microbiome and may be affected by its dynamic
variations [23]. In this study comparing the oral microbiome in RA, OA and healthy patients using
rRNA gene amplicon sequencing, eight oral bacterial biomarkers (Prevotella melaninogenica, Veillonella
dispar, Prevotella, Neisseria, Porphyromonas, Veillonella, Haemophilus, Rothia, Streptococcus, Actinomyces,
Granulicatella, Leptotrichia, Lautropia, and Fusobacterium) were identified to differentiate RA from OA. In
addition, the authors found that patients with RA and OA had oral microbiota with higher microbial
diversity compared to healthy subjects, indicating that there could be more pathobionts in the oral
cavity of patients with RA that are able to negatively influence the outcome of the disease. The most
common phyla were Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria and Fusobacteria. The
relative abundance of Proteobacteria in healthy subjects was significantly higher than in patients with
RA and OA, and the relative abundance of Firmicutes in patients with OA is significantly higher than
those in patients with RA. Table 1a,b reports the different taxa and species of oral and gut microbiota
observed in RA and OA, respectively.

Persson et al. previously noted P. gingivalis to be directly linked to RA through citrullination
and induction of antipeptidyl citrulline antibodies reacting to citrullinated human self-proteins [24].
Interestingly, P. gingivalis, which is mainly abundant in the oral microbiome of RA patients, shares
82% homology of α-enolase with human α-enolase. Consequently, human antibodies against bacterial
enolase can promote an increase of antibody production. Lundberg et al. [25] showed that the levels of
anti-citrullinated human α-enolase antibodies and bacterial α-enolase correlates with the severity of
RA. P. gingivalis can be also found in the gut, but nothing exists between the P. gingivalis oral–gut axis
correlation and arthritis, and the presence of this bacteria in the gut is not an inflammatory trigger
of RA.
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Table 1. Differences of bacterial abundance (taxa) in oral and gut microbiota of rheumatoid arthritis
(RA) (a) and osteoarthritis (OA) (b) patients compared to the healthy controls.

(a)

Type of Arthritis Abundance
Oral Microbiota

Profile (Taxa)
Abundance

Gut Microbiota
Profile (Taxa)

RA Increase ([23])

Neisseria subfava,
Haemophilus
parainfuenzae,
Veillonella dispar,
Prevotella tannerae,
Actinobacillus
parahaemolyticus,
Neisseria,
Haemophilus,
Prevotella,
Veillonella,
Fusobacterium,
Aggregatibacter,
Actinobacillus

Decrease
([26,27])

Bacteroides,
Akkermansia,
F.prausnitzii
Prevotella,
Ruminococcus

RA Increase ([24]) Porphyromonas
gingivalis

RA Decrease ([28]) Haemophilus spp. Decrease ([28]) Haemophilus spp.

RA Increase ([28]) Lactobacillus
salivarius Increase ([28]) Lactobacillus

salivarius

RA Increase ([29])

Plaque:
Actinomyces meyeri
Prevotella nigrescens
Treponema socranskii
Treponema spp.
Eubacterium
infirmum
Prevotella oris
Actimomyces
massiliensis
Catonella spp.

Increase ([30,31]) Prevotella copri

RA Increase ([29])

Saliva:
Prevotella spp.
Veillonella spp.
Centipeda spp.
Solobacterium morei
Prevotella pallens
Atopobium parvulum
Butyrivibrio spp.

Decrease ([30]) Bacteroides

RA Increase ([32])

P. melaninogenica
P. denticola
P. histicola,
P. nigrescens,
P. oulorum
P. maculosa
Selenomonas noxia
S. sputigena
Anaeroglobus
geminatus
Aggregaticbacter
actinomycetemcomitans
Parvimonas micra
Other
Gram-negatives
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Table 1. Cont.

(a)

RA Decrease ([32])

Streptococcus
Rothia aeria
Kingella oralis
Haemophilus
Actinomyces

(b)

OA Increase ([28])

Rothia dentocariosa,
Ruminococcus
gnavus,
Streptococcus,
Actinomyces,
Lautropia,
Rothia,
Granulicatella,
Ruminococcus,
Oribacterium,
Abiotrophia

Increase ([33]) Lactobacillus spp.
Methanobrevibacter

OA Increase ([33])

C. coccoides,
C. leptum,
Clostridium clusters
XI-I, Roseburia spp.,
Lactobacillus spp.

OA Decrease ([33]) Bacteroides
Prevotella spp.

Eriksson et al. [29], by investigating the periodontal health of patients with RA in relation to oral
microbiota and inflammatory levels, found that the majority of the patients had moderate or severe
periodontitis and a higher production of anti-citrullinated protein antibodies. The microbiota observed
in the plaque were different compared to the saliva samples. The relative bacterial abundances in both
sites are shown in Table 1a,b.

A very recent study [32] characterized the subgingival microbiome of RA patients and its
association with periodontal severity. The authors demonstrated that changes in the oral microbiota,
especially of those species associated with periodontal disease, were linked to worse RA. The abundance
of Prevotella spp. and the reduction of health-associated species (Streptococcus, Rothia) may cause an
increased production of inflammatory mediators including IL17, IL-2, TNF, and IFN-γ.

Microbial oral translocation into the systemic bloodstream is considered a negative pathway
to induce a systemic pro-inflammatory trigger. A recent study reported that the systemic diffusion
of bacterial lipopolysaccharide (LPS), a cell wall compound of gram-negatives bacteria, positively
correlated with joint inflammatory response and the severity of joint degradation [17]. LPS can also
be concentrated into the synovial fluids and upregulate specific pro-inflammatory cytokines. These
immunological factors can have an important role in the pathogenesis of arthritis, especially in RA [34].
It is thus probable that many other bacterial clusters and biomarkers can be involved in the increasing
of those local or systemic inflammatory conditions which lead to joint/cartilage damage and corrosion.

As mentioned, a clear correlation between bacteria and OA can also be seen by studying the
profile of the oral cavity. Oral microbiota seem to have a particular value in OA as well as in the
differentiation of RA. Despite these challenging results, more in-depth studies are needed to explore
the differences in the oral microbiome profiles of patients with OA. Next-generation sequencing may
be a useful tool to further investigate how oral bacteria can affect this type of arthritis.
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3. Gut Microbiota in RA and OA

The hypothesis that not only oral but also intestinal microbiota can be associated with the
development of RA is supported by many data. Zhang et al. published a case-control metagenome-wide
association study (MGWAS) of the fecal, dental and salivary microbiomes of a cohort of treatment-naive
and treated RA patients. They found that the RA-associated microbiome deviated significantly from
healthy controls in all sites [28]. In this study, Haemophilus spp. was depleted in individuals with RA at
the fecal and oral levels, whereas Lactobacillus salivarius was over-represented in individuals with RA
at both microbiota sites.

Older patients often manifest more severe diseases, and this appears connected to age-related
gut dysbiosis. Alterations in the microbiota provide plausible candidate mechanisms for driving both
inflammation and altering the immune response and host metabolism, which in turn may modulate
the development of musculoskeletal problems (see the Prevotella copri case below). The microbiome is
thus a highly plausible target for the modulation of diseases of aging owing to its close relationship
with innate and adaptive immune systems. Components of intestinal microbiota can indeed direct key
aspects of host immunity, in particular effector T-cell differentiation, which may impact susceptibility
to autoimmune diseases and RA in particular [35].

Different studies investigating the etiology of RA have established the involvement of regulatory
T (T-reg) cells, which are defective at suppressing IFN-γ and TNF-α production by conventional
T cells in the peripheral blood of active RA patients [36,37]. It has been well established that the
gut microbiota–immune interaction and homeostasis, via balancing pro- and anti-inflammatory
mechanisms, can regulate the differentiation of various T cell types, especially T-reg cells [38]. A clear
example is the potential therapeutic effect of SCFAs (short chain fatty acids), which are microbial
fermentation products found in the bowel, that have demonstrated a profound influence on T-reg cell
differentiation in a variety of experimental models of autoimmunity or inflammatory T-cell-mediated
diseases [39,40].

An elegant collagen-induced arthritis mouse model published by Hui et al. demonstrated that
butyrate (a functional SCFA) administration inhibited arthritis by suppressing the expression of
inflammatory cytokines [41]. The authors suggested that modulation was likely mediated by the
differentiation of CD4 T cells towards T-reg cells, which produce anti-inflammatory cytokine IL-10,
and thus influenced the function of Th17 cells.

As mentioned, an altered microbiota profile has also been associated with juvenile idiopathic
arthritis (JIA). Current evidence indeed suggests that the perturbation of gut microbiota may contribute
to the development of JIA [42,43].

It remains difficult, however, to establish a definitive microbial marker or specific enterotypes
that are associated with RA. It has been hypothesized that the alteration of single bacterial genus
could have direct impact on driving inflammation, as suggested for Bacteroides, Akkermansia or the
anti-inflammatory Faecalobacterium prausnitzii, which has been noted to be depleted in RA patients,
while Prevotella and Ruminococcus were more prevalent [26,27]. Increasing Prevotella copri and decreasing
Bacteroides concentrations in the stool have both been associated with new onset, untreated RA in
humans [30].

The above studies, although not always homogenous, have directly or indirectly demonstrated
that genetic risk may be modulated by alterations in the microbiome and that the presence of particular
microbial markers can be predictive of disease. As mentioned, intestinal microbiota are also known
to change with age. Many of the clinical issues, including OA, are related to the inflammatory
change—either specific to disease or associated with age. OA is indeed considered a degeneration
of joint cartilage and the underlying bone which commonly occurs from middle age onward. The
precise etiology of OA remains unknown thus far, even if various risk factors have been associated
with presence of the disease, including age, sex, obesity, and diet, and local joint injury [44].

Most of these factors are associated with drastic changes in the intestinal microbiota. Age, in fact,
shifts the intestinal microbiota with significant differences between younger adults and older people,
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showing a lower diversity of gut microbiota, a greater proportion of Bacteroides spp., and a distinct
abundance pattern of Clostridium groups [45]. In addition, obesity is associated with phylum-level
changes in the microbiota (i.e., ratio of Firmicutes/Bacteroidetes), reduced bacterial diversity, and an
altered representation of bacterial genes and metabolic pathways [46]. Finally, diet can shape gut
microbiota and consequently change the composition and metabolism of intestinal microbiota as well
as impact host immune responses [47].

For these reasons, OA is now considered an induced inflammatory condition in which the role of
the microbiome has emerging as one of the most important factors. Several publications have reported
a clear demonstration of the link between osteoarthritis and gut microbiota. For instance, animals
with a low-grade chronic systemic inflammation due to a high-fat diet have developed osteoarthritis,
and others with an increased body weight due to diet have shown an increased progression of
osteoarthritis [48,49]. Metcalfe et al. proposed that metabolic endotoxemia (raised LPS blood and
synovial concentrations) caused by impaired gastric mucosa and low-grade chronic inflammation, may
contribute to the onset and progression of OA in obese patients [50].

Collins et al. also demonstrated that changes in the Mankin score (a histopathological classification
of the severity of osteoarthritic cartilage lesions) seen in a rat model of osteoarthritis were correlated
with alterations of gut microbiota [33]. The translocation of bacteria or related compounds (i.e., LPS and
peptidoglycans) across the gut barrier into the systemic circulation was found to mediate osteoarthritis.
Together, Lactobacillus species and Methanobrevibacter spp. abundance have shown a strong predictive
relationship with the Mankin Score (p < 0.001).

Huang and colleagues further demonstrated that systemic and synovial concentrations of bacterial
LPS were positively correlated with the joint inflammatory response [17]. This study enrolled 25
patients in whom osteophyte score, joint space narrowing, and pain were measured.

Th epolymerase chain reaction (PCR) analyses and next generation sequencing (NGS) of
osteoarthritic synovial fluid and synovial tissue have also revealed the presence of bacterial DNA,
raising the possibility that live bacteria or bacterial products are present in the joint during disease
progression [51,52].

Other studies have delineated the use of specific probiotics to rebalance gut microbiota and reduce
the grade of inflammation. Studies in OA animal models have demonstrated that the oral administration
of Lactobacillus casei with type II collagen and glucosamine as prebiotic reduces pain, cartilage destruction,
and lymphocyte infiltration and leads to a reduced expression of numerous pro-inflammatory cytokines
and matrix metalloproteinases, as well as an upregulation of anti-inflammatory cytokines IL-10 and
IL-4 [53]. The results observed after the oral intake of a combination of Lactobacillus casei and Lactobacillus
acidophilus in a rat model of collagen-induced arthritis seemed even more protective versus those
after indomethacin administration, with regard to oxidative stress parameters in synovial effusate
and arthritis scores [54]. A very recent study conducted in a rat model with OA demonstrated that
a probiotic diet plus chondroitin sulfate administration reduced the expression of the markers of
inflammation and collagen degradation [55].

The exact role of gut microbiota’s involvement in the pathophysiology of OA remains under
investigation; all these aforementioned observations raise the possibility that the microbiome or part of
it may mediate the effects and outcome of this highly prevalent and widespread disease.

4. Discussion

The first description of the possible involvement of microbiota in the pathology of arthritis was
published in 1970s when rats raised in germ-free conditions developed severe joint inflammation with
100% penetrance in an adjuvant-induced arthritis model, while conventionally raised controls showed
only mild disease at a very low incidence [56].

A fine equilibrium between ‘peace-keeping’ and potentially pro-inflammatory intestinal and oral
bacteria is necessary to keep gut immunity in check and prevent a state of dysbiosis, which might
lead to local and distant deleterious consequences in the host. A crucial driver of changes in the gut
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and oral environments is the inflammatory response of the host. Intestinal and oral inflammations
in people are associated with an imbalance in the microbiota, the dysbiosis, which is characterized
by a reduced diversity of microbes, a reduced abundance of obligate anaerobic bacteria, and an
expansion of facultative anaerobic bacteria in the phylum Proteobacteria, mostly members of the
family Enterobacteriaceae.

In regards to RA and gut microbiota, single microorganisms such as P. copri might correlate with
the development of RA. Pianta A. et al. reported massive concentrations of antibodies against P. copri
in the sera of RA patients [31]. Impressive advances in sequencing technologies, compelling animal
data, and mounting human evidence have suggested that gut microbiota indeed play a part in the
pathogenesis of diseases such as autoimmune arthritis. The few studies addressing potential links
between the gut microbiota and human inflammatory joint disease have identified dysbiotic patterns
that may contribute to initiate or to perpetuate the disease. Obviously, age can greatly contribute to the
increase of systemic inflammation (inflammaging), and the microbiota shaped by aging can negatively
modulate the outcome of joint diseases. However, the gut microbiota of RA patients seem to be more
dysbiotic than those of healthy patients, thus confirming their role as independent of age. An indirect
demonstration of the role of microbiota is that gut microbiome (the same for the oral) is perturbed in
rheumatoid arthritis and partly normalized after RA-specific treatment [28].

Dysbiosis occurring, for instance, in jejunoileal-bypass, used as alternative to bariatric banding,
seems to be associated with arthritis. In these patients, studies have reported a bacterial overgrowth
and a deposition of resultant immune complexes in the synovium [57]. However, a very comprehensive
human model fitting with the gut–joint axis and dysbiosis can be represented by Whipple’s disease,
in which the presence of a single bacterium, Tropheryma whipplei, overgrowth in the small intestine is
sufficient for the development of joint inflammation in predisposed individuals. Similar results have
been appointed by some authors regarding the high quantity of Streptococci in milk as a theoretical
cause of RA [58,59].

A strong evidence of the gut–bone axis and its role in arthritis outcomes has been reported in
germ free mice studies. It has been evidenced that these animals do not show arthritis; however,
the mono-colonization of particular intestinal bacterium is sufficient to induce arthritis. Thus, gut
microbiota have been further confirmed to be a cause of relevant immunological triggers occurring in
arthritis pathogenesis [8,60].

Periodontal disease also correlates with new-onset RA patients, and many bacterial clusters
related to this disease have been faced in different studies [22–24]. Gene sequencing studies have
investigated the subgingival microbiome of patients with RA and compared the results of subjects with
osteoarthritis and healthy controls with or without periodontitis. In both cases, literature revealed
that specific bacteria biomarker abundance may influence the severity of the osteoarthritic disease.
Unfortunately, no unique microbial oral cluster has been identified so far.

Only one study [28] has reported results on the simultaneous effect of oral–gut microbiota in RA
patients. By collecting fecal, dental and salivary samples in a cohort of RA and healthy donors, this
study demonstrated a rate of dysbiosis in the gut and oral microbiomes of RA patients, suggesting an
overlap in the abundance and function of species at different body sites that could be partially resolved
after RA treatment.

Despite findings which are suggestive of microbiota–bone axis correlation with inflammatory joint
disease, research to date remains inconclusive with regard to the final mechanism. We therefore need
to identify the priorities for research in order to substantiate and translate these findings. An important
and recent review analyzing nine clinical studies [61] compared changes in diversity and taxa present
in the microbiome of RA patients with age, gender and weight-matched controls. Despite microbiome
diversity being a generic tool to define whether microbial disturbance in the oral or gut environments
has occurred, the study of specific bacterial clusters is of great interest to establish the possible
etiopathogenetic role of microbiota in arthritis. In RA, a correlation between a pro-inflammatory
genotype-HLA related bacteria and some bacterial clusters has been strongly postulated. However,
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well-defined human studies using NGS and metabolomic approaches are needed to better understand
if and when intestinal community composition in patients with joint inflammation differs (in addition
to improving therapies) by looking at specific bacterial markers for disease presence and progression.
Prospective studies evaluating the microbiome–host relationship are indeed necessary to establish not
only the potential etiology but also the effects of immunosuppressive or anti-inflammatory therapies
on microbiota. Another final aim will be to establish how the microbiota can influence therapies per se
in OA or RA patients and, subsequently, how they may impact the host’s well-being. Table 1a,b shows
the main taxa abundances in oral and gut microbiota in OA and RA. To date, interesting and exhaustive
data have shown that a connection between microbiomes and joint diseases exists in RA. Other diseases,
OA in particular, have received little attention so far, despite some promising, suggestive findings.
The gut microbiome, indeed, could be the culprit behind arthritis and joint pain for obese people. A
recent paper by Schott E.M. et al. [62] demonstrated that changes in the gut microbiomes of the mice
coincided with signs of body-wide inflammation, including in their knees, where the authors induced
osteoarthritis with a meniscal tear. Compared to lean mice, osteoarthritis progressed much more
quickly in the obese mice, with nearly all of their cartilage disappearing within 12 weeks of the tear.

Though studies have specifically investigated the influence of gut microbiota in OA, pre-clinical
data and some observational investigations in humans have suggested a potential relationship between
the gut and risk factors of OA. The role of some confounding factors (genes, sex, age, diet, living
conditions) needs to be better explored to fully understand the role of gut bacterial biomarkers in OA.

Thus, a deeper understanding of the biological complexities of our ‘two genomes’ (host and
microbial) will help elucidate the factors that trigger inflammation and finally bridge the gap in our
knowledge regarding the role of gene–environment interactions in other autoimmune and inflammatory
processes involved in disease pathogenesis. Next generation sequencing, metatranscriptomic analysis,
and metabolomic approaches may provide yet-greater insight and help to further understand
these mechanisms.

There is a justified association between oral and gut microbiomes in arthritis, although the current
evidence that the microbiome causes arthritis is far from conclusive. Strategic future studies aiming
to improve the understanding of the combined role of gut–oral axis in arthritis as well as the use of
“microbiome influencers,” such as the probiotics, are mandatory.

5. Highlights of Future Perspectives

Boxes 1–5 report Microbiome definition and its involvement in RA and OA as well as the need for
further studies.

Box 1. Microbiome definition.

The microbiome is defined as the totality of microorganisms and their genes inhabiting a unique environment;
the human microbiome outnumbers human genes by several orders of magnitude.

Box 2. Tools for studying microbiome.

Understanding of the role of microorganisms in modulating health and disease by NGS and metabolomic
technologies will be the new era.

Box 3. Microbiome and RA link.

Despite the fact that precise causation of RA has not yet been established, several clinical investigations have
demonstrated the role of some microorganisms in RA pathogenesis, independently of age.
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Box 4. Microbiome and OA link.

OA is the most common disorder of the musculoskeletal system. The literature has considered the microbiome
and the use of some selected probiotics as a possible future therapeutic approach.

Box 5. Need for further studies.

More studies are needed to assess the role of the microbiome in human arthritis and related diseases in the
order to finally elucidate their mechanisms and therapeutic targets.
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Abstract: Billions of microorganisms, or “microbiota”, inhabit the gut and affect its homeostasis,
influencing, and sometimes causing if altered, a multitude of diseases. The genomes of the microbes
that form the gut ecosystem should be summed to the human genome to form the hologenome due
to their influence on human physiology; hence the term “microbiome” is commonly used to refer to
the genetic make-up and gene–gene interactions of microbes. This review attempts to provide insight
into this recently discovered vital organ of the human body, which has yet to be fully explored. We
herein discuss the rhythm and shaping of the microbiome at birth and during the first years leading
up to adolescence. Furthermore, important issues to consider for conducting a reliable microbiome
study including study design, inclusion/exclusion criteria, sample collection, storage, and variability
of different sampling methods as well as the basic terminology of molecular approaches, data analysis,
and clinical interpretation of results are addressed. This basic knowledge aims to provide the
pediatricians with a key tool to avoid data dispersion and pitfalls during child microbiota study.

Keywords: gut microbiota; microbiome; maternal–fetal interface; newborn; child; pediatric
disease; dysbiosis

1. Introduction

The field of microbiome research is quickly evolving and unravelling. Causal links between
distinct microbial consortia, their collective functions, and host pathophysiology during the various
stages of life are becoming increasingly clear. Studies of microbiome plasticity, composition, and
function based on a distinction of the host phenotypes may lay the foundation for both therapeutic
and preventive interventions [1]. Indeed, new practical aspects of microbiome studies will be focused
on the personalization of actions as well as on an understanding of the inherent individual variability
of microbiomes at different ages, stages of development, conditions, and internal or external influences.
These studies will allow the comprehension of physiological features to explain, or predict, human
health and disease states. Therefore, clinical studies need to be well designed and the subject/patient
phenotype properly selected. Age and many other factors have the potential to strongly influence
the results, thus clinical studies on microbiota in children should take into account the differences
that naturally occur during growth. Other technical challenges that need to be addressed are linked
to properly establishing, harmonizing, and standardizing clinical protocols for sample collection,
processing, sequencing, and analysis that also takes into account the “microbiome’s age”. The issues
of diet, environment, host immune system, and genetics as key factors for determining microbiome
and microbiota profiles have not been fully resolved yet. All of these influences can impact on the
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microbiota composition at any age and may sometimes be difficult to harmonize and standardize
during clinical investigation.

Clinical and microbiological translation urgently needs to implement the main information on
microbiota. This review aims to give a rapid overview of child microbiota in order to guide pediatricians
to a better understanding of the field while trying to limit biases and intrinsic pitfalls before the study
design and starting any clinical trials. Even if most of the reported literature and data specifically refer
to the best studied community, in other words, the one inhabiting the gut, the knowledge discussed in
the text, together with more practical aspects and recommendations, can also be adapted to the study
of other medically-relevant communities (e.g., in nasal-oral cavities).

2. Basic Knowledge on Gut Microbes

The human body harbors trillions of microbial cells mainly represented by bacteria, but also
includes archea, viruses, fungi, and parasites. These communities establish extensive networks of
cross-feeding (trophic) interactions, consuming, producing, and exchanging hundreds of metabolites
with each other and with their human host, with whom they constitute a unique ecological entity called
“holobiont” [2,3]. Their highest density is reached in the intestinal compartment, particularly in the
lower segments. Here, bacteria are estimated to reach a number of 1014 cells and their density in stool
have been calculated in the order of 1011 per gram of dry material [4]. Although less-well studied, many
other body habitats within healthy individuals are occupied by microbial communities such as the
mouth and oral tract, nostrils, skin, vagina. The term ‘microbiota’ literally means all living organisms
within a body-site habitat. More specifically, the term “gut microbiota” indicates the resident intestinal
bacterial communities, and from a practical point of view, it is generally investigated, with obvious
biases, through the analysis of fecal samples, which are easy and non-invasive to collect. The term
‘microbiome’ is used instead to refer to the genetic content of these microorganisms. Conventionally,
research in the field is mainly focused on bacterial microbiome, but further fascinating results have
come from the study of “virome”, or the viruses inhabiting the gut, of “mycome”, which reveals
another intriguing world of gut fungi, and of “parasitome”.

New genetic and sequencing technologies have opened the way to the ‘metagenomic’ approach,
which directly analyzes the total microbial genomes contained in a sample, that in turn, allows
information to be acquired on the genomic links between function and phylogenetic evolution. Other
approaches faced in the field include ‘metatranscriptomics’, the study of the whole RNA repertoire from
a microbial community; ‘metaproteomics’, the study of the entire protein content from the community;
and ‘meta-metabolomics’, the study of small-molecule metabolites produced through the interaction
of diet and microbiome [5–7].

The analysis of the gene coding for the ribosomal 16S rRNA is very useful for studying gut bacteria.
16S rRNA is a component of the prokaryotic ribosome and is coded by a gene spanning about 1500 bp.
The 16S rRNA gene is highly conserved between different species of bacteria, but presents nine variable
(“V”) regions that allow identification at the genus or species level. After amplification of, typically,
2–3 V regions, the obtained sequences are clustered into nearly-identical tags called ‘phylotypes’ or
‘operational taxonomic units’ (OTUs). These terms refer to a group of microbes generally through
the threshold of sequence homology between their 16S rRNA genes (e.g., ≥98% for a ‘species’-level
phylotype) [8].

Eukaryotic components of the microbiota (e.g., fungi and protozoans) can be analyzed through
homologous ribosomal gene sequences (small-subunit rRNA, SSU rRNA), while viral communities
that lack ribosomal genes are investigated through shotgun DNA sequencing, or via primers targeted
on conserved sequences in viral families. The above approaches are referred to as culture-independent,
while culturomics is a culturing approach that uses multiple culture conditions, combined with the
MALDI-TOF mass spectrometry and/or the 16S rRNA sequencing, for the isolation and identification
of the largest possible number of bacterial species [9].
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The gut hosts taxonomically diverse archaea, bacteria, fungi, and viruses. Studies report at least
22 bacterial phyla in the body, mainly represented (>90%) by Actinobacteria, Firmicutes, Proteobacteria,
and Bacteroidetes. In the gut, Bacteroidetes and Firmicutes represent the predominant phyla [10–12]. In
addition to taxonomic composition, taxonomic diversity also needs to be considered in evaluating
the homeostasis of microbiota. In particular, two parameters are routinely employed for this purpose:
alpha diversity (within-sample diversity, how many taxa or lineages are present in a sample), and
beta diversity (between-sample diversity, to which extent the guts of different subjects or patients
share taxa or lineages). Parameters that need to be evaluated when computing these ecological indices
are richness (i.e., how many bacterial taxa) and evenness, which also takes into account the relative
abundance of taxa, in addition to presence/absence, and compares it between subjects or patients [13].

In this context, measures of species richness (for example, the number of observed species or the
Chao1 index, which is an abundance-based estimator of species diversity) and phylogenetic measures
(Faith’s phylogenetic diversity) are sensitive to the number of sequences per sample, whereas this is
true to a much minor extent for metrics that combine richness and evenness (Shannon index).

Statistical and computational analyses still remain the main challenge in microbiome research.
Some methods currently used for their power and effect size analysis are based on PERMANOVA,
Dirichlet Multinomial, or random forest analysis [14]. Parametric statistical tests (for example, the
Student’s t-test and ANOVA) as well as measures of correlation including Spearman’s rank correlation
can be used on the basis of the phenotypes under study and the type of information the researcher
wants to capture.

3. The Intestinal Microbiota from Birth Throughout Childhood

Addressing neonatal and early-life microbiota is pivotal as many of the events capable of shaping
microbial communities even in adults take place during this phase of life: gestational age at birth, type of
delivery, breast vs. formula feeding, weaning, use of antibiotics, etc. [15,16]. When neonatal microbiota
begins is still a subject of great debate. The “sterile womb paradigm”, in other words, the notion that,
under physiological conditions, the human fetal environment is sterile and microbial colonization
begins with birth, has been accepted for decades. Recently, with the burst of metagenomic studies,
there has been a group of papers that have found traces of a lowly abundant bacterial colonization in
the placenta, endometrium, amniotic fluid, and meconium in healthy, full-term pregnancies (see Nature
Editorial by C. Willyard, 2018, [17] and references therein). This has led some researchers to date
back the seeding of the microbiota to before birth (“in utero colonization hypothesis”). The field
is still the subject of much debate, and the results appear in general to be controversial. Recently,
several scientists have underlined that, even if it is possible that not all healthy babies are born
sterile as previously thought, particular caution is necessary when working on samples bearing a
low microbial biomass due to the heavy contamination issues notoriously connaturated with such
samples when using molecular approaches based on next-generation sequencing [17]. Other important
points that have been raised are the difficulty of maintaining a strict sterility when collecting samples
related to the in utero environment within a clinical setting, and the impossibility of using NGS-based
techniques to discriminate DNA from viable cells and DNA belonging to dead organisms or derived
from translocation from the blood stream [15,17].

The human intestine at birth is an aerobic environment, as such, while the adult gut microbiota
is dominated by obligate anaerobes belonging to the Firmicutes and Bacteroidetes phyla, the neonatal
pioneer flora is composed by aerotolerant taxa, mainly belonging to the Enterobacteriaceae family
(phylum: Proteobacteria). In a matter of days, however, these microorganisms will reduce oxygen
levels, and the intestinal lumen becomes anaerobic. This allows the colonization by strict anaerobes,
dominated by Bifidobacterium (phylum: Actinobacteria); Clostridium (phylum: Firmicutes); and Bacteroides
(phylum: Bacteroidetes) [18,19]. During the first months, the diet of the infant is almost exclusively milk,
favoring milk oligosaccharide fermenters as the already cited Bifidobacterium, represented, at this stage,
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by many species. Other predominant bacterial taxa are represented by Enterococcaceae, Streptococcaceae,
and Lactobacillaceae [15].

A very recent paper [20] addressed the development of gut microbiota in a large cohort of children,
comprising cases who seroconverted to islet cell autoantibody positivity, children who developed type
1 diabetes (T1D), and matched controls (healthy). This interesting analysis followed the longitudinal
maturation of the microbiome from 3 to 46 months of age and determined the covariates that significantly
affected its development. Globally, this study harmonized data by collecting 12,500 stool samples from
903 children in three different European countries and three US states. Breastfeeding and birth mode
resulted in being the main factors able to drive gut microbiome during the developmental phase by
changing some relevant bacterial clusters. The authors proposed three distinct phases of microbiome
progression: a developmental phase (months 3–14), a transitional phase (months 15–30), and a stable
phase (≥31 months). The Shannon diversity index changed significantly during the first two phases,
unchanging only during the stable phase. This study represents a very nice model of how to harmonize
the age of the children with other covariate factors. Figure 1 presents a proposal for pediatricians to
use a personalized staging of the enrolled individuals to differentiate relevant microbial clusters and
dominating phyla.

Figure 1. The figure represents the seven golden steps that the pediatrician should follow before the
enrollment of individuals/patients in the microbiota study.

4. Issues to be Considered for Studying Microbiome in Clinical Studies

Study Design and Patient Selections

Pediatricians should select children cohorts by trying to limit the confounding factors that have
the potential of diluting the statistical estimates of the effect sizes of the microbiome. Thus, as an
example, when defining disease-specific signatures, the diseased population should be recruited with
particular care in choosing patients who display a relatively homogeneous clinical phenotype. The
choice of controls is also a challenging question: a good control population includes patients with a
clinical phenotype that is a clear contrast from the one under study, while matching other relevant
criteria. To reduce the heterogeneity of the cohort, it is indeed mandatory to clearly define inclusion
and exclusion criteria by considering the factors affecting microbiota analysis (see below) and matching,
accordingly, cases and controls. In this regard, it is crucially important to collect information about
potential confounding factors, among which age group, for moderating influences that can artifactually
alter results and the outcomes of interest. This is important in order to decrease co-variability and
heterogeneity during the enrollment, by increasing the power of the analysis in parallel. The collected
information will form part of the “metadata” (covariates) surrounding the sample and will later be used
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in analyzing the data. To ensure consistency, recording the maximum information about the subjects,
sample, and experimental procedures is recommended. Finally, before starting the study protocol, a
sample size should be estimated on the basis of the expected effect size, and evaluated by means of
a pilot study or based on similar previous studies. Other recent approaches rely on computing the
estimated sample sizes by calculating the independent effect sizes on microbiota variation of other
factors (covariates) relevant to the phenomenon under study [21].

Table 1 summarizes the key aspects to consider when designing and conducting a microbiome
study, lists the possible confounders and pitfalls, and presents practical solutions for risk mitigation.

Table 1. Practical aspects to follow when drawing and studying a Microbiome.

Stages and Pitfalls Considerations and Practical Solutions

Study question • Clearly define the aim(s) of the study and the relevant biological
question(s) before setting up the study design.

Statistically underpowered studies

• Correctly determine the sample size: consider that enrolling enough
participants is important to ensure that the expected effect will be detected.

• The sample size can be estimated by means of pilot studies, or from
previous similar studies, or alternatively from computational approaches
that consider the effect of covariates on the total microbiota variation (see
main text).

Selection of subjects: avoiding
heterogeneity of the population

• Clearly define inclusion and exclusion criteria: consider that an initial
heterogeneity of the population will then dilute the statistical estimates of
effect sizes on the microbiome.

• The list of exclusion criteria from the National Institutes of Health (NIH)
Human Microbiome Project can be relied on with regard to
the above-mentioned.

• In a “cases vs. controls” study, aimed at detecting microbiota-based
markers of a disease, choose “cases” with a care in maintaining a relatively
homogeneous clinical phenotype. “Controls”, in turn, must have a clinical
phenotype in clear contrast, while matching other relevant criteria to avoid
confounding factors.

• Consider that multiple controls groups that are selected based on various
criteria may provide more insights.

• Additionally consider that for more generalizable results, independent
cohorts may be selected to identify the microbiota signatures (“discovery
cohort”) and test the results (“validation cohort”).

• In longitudinal studies, individuals can be treated as their own controls, by
collecting baseline samples before and during/after a treatment.

Confounding factors (lifestyle and
clinical factors)

• Be exhaustive in the collection of “metadata” (covariates) surrounding the
sample: this will be pivotal later, when analyzing the data. Collect
information on possible confounding, mediating, and moderating factors
that can either influence the microbiome composition or the outcome
of interest.

Timing and frequency of sample
collection

• Cross-sectional sampling from patients is appropriate to discover and
validate diagnostic microbiome signatures.

• Repeated samplings of the same subject (time series or longitudinal
sampling) ensure more insights into temporal dynamics and
community changes.

• Longitudinal sampling should be chosen for monitoring disease severity
or response to a treatment. Frequency should be similar between subjects.

Sample collection and storage

• Storage and transit conditions are important variables in microbiome
study outcomes as they impact DNA yields and quality.

• After collecting samples, freeze immediately. When immediate freezing is
not possible, short-term refrigeration (+4 ◦C) is helpful. An alternative is
to use stabilizing solutions.

• Long-term storage: currently the norm is −80 ◦C.
• Minimize freezing-thawing cycles. To this aim, it is helpful to aliquot

samples before freezing.
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Table 1. Cont.

Stages and Pitfalls Considerations and Practical Solutions

Experimental Lab procedures

• Use the same procedures and reagents throughout the study. Document
everything and be consistent. If, for example, different batches of an
enzyme are used, document it among the metadata.

• DNA extraction: This is an important source of variation and bias because
of the differential resistance to lysis of microbial cells. Combine chemical
and mechanical lysing procedures to capture the most accurate
community composition.

• Contamination may significantly impact results, especially if working on
low-biomass samples. It may derive from laboratory contaminants (e.g.,
previously produced amplicons), from reagents and commercial kits
(“kitome”). It is recommendable to separate pre- and post-PCR areas and
to introduce appropriate negative controls in different sample processing
steps (e.g., blank extraction control: DNA-free water undergoes DNA
extraction and all subsequent experimental procedures; blank PCR control:
DNA-free water undergoes PCR and all subsequent procedures).

• Selection of 16S primers: Rely on previous studies and consider that
different couples of universal 16S primers may be biased toward (or
against) certain bacterial taxa, thus giving artefactual over- (or
under-representations) of them. For example, the 27F/338R primer sets
(targeting the V1–V3 regions) is biased against the amplification of
Bifidobacteria. Another possible pitfall is given by primer sets poorly
resolving specific taxa.

• PCR amplification: Low DNA template concentration and high number of
PCR cycles introduce biases. To reduce their effects, minimize PCR cycles,
use a standard (and relatively high) DNA template concentration, and
pool multiple PCR (e.g., triplicates) for each sample. The use of
proof-reading DNA polymerases and longer annealing times (to reduce
chimera formation) is also recommended.

Sequencing

• Use positive controls to calibrate the sequencing method: (i) pure strains
of, e.g., Escherichia coli that produce strong PCR bands of a known size;
and (ii) a synthetic mock microbial community to ensure that
amplification, sequencing, and taxonomic classification workflows have
not introduced substantial bias or distortions in the expected microbiome
profiles. Consider that, in addition to the DNA extraction and PCR steps,
errors can be introduced during library preparation, sequencing, imaging,
and data analysis.

Data analysis

• The design and choice of the analyses is strictly connected with the
research objectives of the study.

• Be consistent with the procedures and software used for analyzing data.
Consider that different software versions can behave differently.

• Integrate non-microbiome sources of data (e.g., clinical parameters) with
microbiome data to answer the biological questions that primed the study.

• Consider that microbiota data are high-dimensional in nature, with the
total number of variable measurements far exceeding the number
of samples.

• Incorporate the patient and experimental covariates collected in the
“metadata” file of the analysis. Evaluate if some of them act as
confounding factors.

• Repeat the analyses introducing some changes (e.g., change some
parameters or algorithms, include or exclude metadata) and the evaluate
reproducibility of results.

• The complexity of questions in a translational study makes its useful to
test multiple statistical models using several combinations of
independent-dependent variables.

• If a variable is continuous, using it directly in the model is substantially
more informative than using a categorical or binary encoding.

• Remember that DNA-based techniques are not able to reveal if the
microbes under study are alive or dead. If precise information on this is
needed, consider performing meta-transcriptomics.

Risk-benefit assessment • Studies need to be designed to ensure that short term and long-term
reliable data are collected.
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5. Major Pre-, Peri-, and Post-Natal Factors Affecting the Child Gut Microbiota

A schematic representation of the factors that are able to affect the dynamics and composition of
the intestinal microbiota is given in Figure 2.

Figure 2. Infant microbiota composition (a) and the main “major” and “minor” factors affecting analysis
and results in microbiota studies (b).

5.1. Maternal Factors Influencing Infant Microbiota

5.1.1. Changes Related to Vertical Transmission of Maternal Metabolites

During gestation, bacteria in the mother’s intestine have been shown to drive the future immune
maturation of the neonatal gut through the passage of soluble molecules from the placenta in the
absence of direct colonization and of the vertical transmission of viable bacterial cells [22,23]. These
bacteria are able to induce specific changes in the gut of newborns, creating new microbiota profiles.

5.1.2. Changes Related to Dietary Patterns and Lifestyle

The intestinal microbiota is strongly personalized and influenced by a plethora of environmental
and inter-individual variables including body mass index (BMI), exercise frequency, and dietary
patterns and habits (which in turn, are strongly related with cultural factors and lifestyle). It has
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been reported that the infant’s fecal microbiota composition is influenced by the BMI and weight
gain of the mother during pregnancy [24,25]. In general, the maternal microbial reservoir plays a
crucial role in the acquisition and development of early infant microbiota, which in turn is the key to
establishing a healthy host–microbiome symbiosis with long-lasting health effects. Therefore, it can
be easily understood as to why maternal diet and lifestyle should be monitored and categorized as
relevant metadata in infant microbiota studies. In an early phase, after the huge microbial “inoculum”
at birth, the infant continues to directly acquire maternal gut strains from different sources (e.g., from
skin, mouth, milk) and these are likely to become stable colonizers of the infant gut. Later in life,
increasingly important roles are also played by other factors such as shared diet and lifestyle.

5.2. Genetic Factors

There is growing evidence that geographical origin and host genetic makeup influence the
acquisition and development of the gut microbiota, with clear associations reported between the
host genotype and the relative abundances of different bacterial taxa. For example, Bonder et al. [26]
described a single nucleotide polymorphism (SNP) in the LCT locus (coding for human lactase) that is
related to varying abundances of Bifidobacterium. Goodrich et al. [27], by comparing microbiota across
samples belonging to either monozygotic and dizygotic twin pairs, reported a number of microbial taxa
whose abundances were strongly influenced by host genetics. Among such taxa, the Christensellaceae,
considered a microbiome-based marker of obesity and is significantly enriched in individuals with low
BMI, resulted in the most highly heritable taxon. Any data related to the genetic hardware of the child
should then be noticed.

5.3. Mode of Delivery

At birth, the infant gut communities tend to resemble the maternal vagina or skin microbiota
in cases of vaginal or cesarean section (C-section) delivery, respectively [19,28]. Even later, when
these “pioneer” foundation populations have been replaced, the birth mode seems to exert significant
long-term effects on the structure of the gut microbiota. At 24 months of age, the gut microbial
communities of cesarean delivered infants still appear to be less diverse [15]. Even in children as old as
seven years, some authors have reported the enduring influence of the mode of delivery, but data are
somewhat contrasting regarding this point [19]. Vaginally delivered infants tend to be colonized by
Lactobacillus and Prevotella, while C-section neonates are preferentially colonized by microorganisms
from maternal skin, and the hospital staff or environment.

5.4. Mode of Infant Feeding

Breastfed infants receive, from their mothers’ milk, a complex mix that will affect the milieu
within which their own microbiota will develop. This mix is made up of nutrients, antimicrobial
proteins, short chain fatty acids (SCFA), secretory IgA, non-digestible oligosaccharides (HMOs, human
milk oligosaccharides, that promote the proliferation of specific gut bacterial taxa in the neonate),
and live bacteria, even if previously considered germ-free [15]. The source of the “milk microbiota”,
which has a transient nature and declines rapidly at weaning, has recently been another subject of
debate. At least some of the bacteria is thought to reach the mammary gland through an endogenous
route called the enteromammary pathway, which has not been fully elucidated yet. It has also been
suggested that mammary skin microbiota can travel via the lymphatic and vascular circulations to the
breast ([15,16] and references therein). Gut microbiota differences between breastfed and formula-fed
infants are indeed well documented. The former exhibit lower diversity indexes, indicative of a more
uniform population where Bifidobacterium and Lactobacillus dominate. The latter are characterized by
more diverse communities, with higher proportions of Bacteroides, Clostridium, Streptococcus, Veillonella,
Atopobium, and Enterobacteriaceae [29]. Finally, compositional differences in microbial communities in
human milk sampled from different geographical locations have been studied and reported to create
strong variability between newborn microbiota [30].
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5.5. Gestational Age

While in full-term infants, delivery and feeding mode are reported to represent the major drivers
of microbiota development, in preterm (PT) infants (<37 weeks of gestation), the gestational age seems
to have the biggest impact on the assembly of gut communities [19,31,32]. PT neonates experience
a number of unique challenges in the establishment of their microbiota. Their colonization patterns
are characterized by the involvement of peculiar microbial sources, mainly bacteria deriving from
the neonatal intensive care unit (NICU) environment [33]. Not rarely, these are strains implicated in
nosocomial infections such as Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
spp., Pesudomonas aeruginosa, and other Enterobacteriaceae [34] with their burden of antibiotic resistance
genes. Other relevant features of this peculiar colonization trajectory are its extreme inter-individual
variability, and the fact that, across studies, it does not appear to be univocally linked to health
outcomes as necrotizing enterocolitis and late-onset sepsis. Instead, the colonization process seems
to reflect the co-occurrence of a variety of nosocomial “variables” [35], among which are parenteral
nutrition and antibiotic usage (see below). Antibiotics, normally administered to these patients, in turn
perturbate the colonization process by killing bacteria acquired during birth and promoting the growth
of taxa significantly different from those found in more physiological situations [31]. In conclusion,
the PT microbiota appears to be more unstable than that of full-term equivalents and is believed to
be associated with a delay in the establishment of an adult-type signature microbiota [16]. All these
individuals should be carefully selected and clearly categorized by the clinician before enrollment into
the microbiota study.

5.6. Antibiotics

Specific properties of antibiotics, as a mode of action and antimicrobial spectrum, might act as
powerful forces for the selection of intestinal bacterial populations, especially if the infant is exposed to
antibiotics too early and/or for long periods of time [3,15]. Antibiotics are able to alter the abundances
of resident bacteria, significantly impact the growth of otherwise dominant bacterial phyla, and lead to
an overall decrease in microbial diversity. A study by Fouhy and colleagues [36] showed that infants
exposed to ampicillin and gentamicin shortly after birth harbored higher proportions of Proteobacteria
and Actinobacteria, and the genus Lactobacillus for up to four weeks after concluding treatment. Another
study reported an attenuation in colonization with Bifidobacterium and an increase of Enterococcus in
subjects receiving oral or intravenous antibiotics during the first four days of life [37].

This variability among individuals suggests caution when including subjects who have been
treated with antibiotics [38]. Indeed, the exclusion criteria from the NIH Human Microbiome Project
(HMP, dbGAP, see the url https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=
phs000228.v4.p1) include the use of systemic antibiotics, antifungals, antivirals, or antiparasitics within
six months of sampling. However, this criterion, although optimal, may not be easily applicable with
subjects in the pediatric age. For this reason, shorter time windows are often considered. In any case, it
is mandatory to accurately document, within the metadata file, any history of antibiotics as well as
other medication use.

5.7. Weaning

The transition to more varied, solid food is an important step in the development of the early-life
gut microbiota; infants begin to be exposed to a much larger array of substrates and non-digestible
carbohydrates that promote the survival and proliferation of more various bacterial taxa. As a
consequence, the alpha diversity increases; moreover, Proteobacteria and Actinobacteria are replaced
by Firmicutes and Bacteroidetes as the dominant phyla, in a more adult-like compositional structure.
The cessation of exclusive milk feeding correlates with the decrease of saccharolytic bacteria as
Bifidobacteriaceae (phylum: Actinobacteria). The increased protein intake is thought to be associated with
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an increase of Lachnospiraceae (phylum: Firmicutes), while the ingestion of fibers with that of higher
levels of Prevotellaceae (phylum: Bacteroidetes) [39].

In general, the relative abundance of our intestinal microbes is highly influenced by dietary patterns
and habits [11], that should therefore be taken into account in clinical studies targeting microbiota.

6. Minor Factors Affecting Gut Microbiota

Various minor factors can affect and modify the gut microbiota, which can occur at any stage of life.
Insomnia and circadian rhythm disruption, latitude with time zone shift and intercontinental flights
(with the consequent jet lag), household siblings, and companion animals as well as seasonal changes
can modify gut microbiota and determine different microbiota profiles with high inter-individual
variability to responses to the different factors [40–42]. All of these factors can influence the results
and should be carefully considered before starting a clinical study and accurately reported in the
metadata to then be considered later in the downstream bioinformatics and statistical analyses. Other
similar confounder factors such as bowel movement preparations, evacuants or laxatives, or any
microorganism-supplemented food (such as probiotics) can act as deep and long-time gut modifiers,
thus a plot-to-plot variation needs to be addressed with nested statistical tests.

7. Sample Collection

Donors/patients to enroll, their genetic or disease phenotypes as well as the expertise of the
clinician in methodology used for collecting samples are very relevant in designing a correct study.
The number of samples and patients to be enrolled is an intriguing and still hotly debated topic.
Sample stability as well as shipping and storage requirements need to be more appropriate and
will surely be improved and standardized in the future. Researchers may find some procedures
at http://www.microbiome-standards.org or at https://www.hmpdacc.org/resources/metagenomics_
sequencing_analysis.php and other papers [43–45].

Concerning the practical aspects, an important question is how often to collect samples because
the microbiome ecology is intrinsically dynamic. This largely depends on what question one is trying
to answer. If, for gastrointestinal disorders, remarkable changes can be observed between one day and
the next (e.g., in times surrounding surgery or in correspondence with periods of activity or remission
of the pathology), changes induced by other factors (e.g., diet) often take place on a longer timescale.
Collection of multiple samples from the same patient is preferred to allow for better standardization
on the basis of the type of patients, centers involved, and statistical power. Whether or not samples
collected from the same individual can be pooled before analysis is another topic to be standardized.
An important point is that sampling and storage do affect microbiota composition in healthy as well
as in diseased subjects. The most widely accepted protocols include immediate homogenization
and freezing either with dry ice or in liquid nitrogen, followed by storage at −80 ◦C. However, this
approach is not always practical, particularly for stool samples, or in the case of stool collection from a
large scale cohort or remote/rural areas. Whether samples must be immediately frozen (and at what
temperature) or whether they can withstand a period of room temperature remains controversial. The
above-mentioned studies showed that the effects of short-term storage conditions on the structure
and diversity of communities are quite small in general. In particular, storage at −80 ◦C, −20 ◦C for a
week, or 4 ◦C for 24 h were found to not significantly affect the ecological indexes of between-sample
diversity or the abundance of major taxa [45]. In contrast, the number of freeze–thaw cycles seems to
have an effect on the composition of the microbial community, thus it is strongly recommended to
aliquot samples at the beginning. Of course, some DNA stabilizers can be used to prolong the stability
of samples. In the study of Choo et al. [46] Omnigene Gut and Tris EDTA appeared to show the same
performance as storage in an ultrafreezer (−80 ◦C). In addition to feces, swabs can be an alternative
starting material for DNA extractions, especially within hospital settings, even if some studies have
shown that the stool swabs of some subjects had limited and not detectable bacterial DNA. A recent
study by Christine M. Bassis [47], by comparing stool versus rectal swab samples and their storage
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conditions, demonstrated minor differences in the bacterial community profiles between the stool and
swab from the same subject as well as when samples were stored up to 27 h at +4 ◦C before freezing at
−80 ◦C. Interestingly, this study also concluded that it was possible to thaw and refreeze samples a
limited number of times under particular conditions (i.e., immediately frozen at −20 ◦C, first thaw
cycle, refrozen at −80 ◦C; immediately frozen at −20 ◦C, first thaw cycle, refrozen at −20 ◦C, second
thaw cycle and frozen at −80 ◦C) without strong effects on the community composition. A word of
caution is, however, due on this point, as the consensus recommendations are different, as detailed
above. Finally, it is to be underlined that as the collection of stool can be difficult from some subjects
under certain experimental conditions, swab collection may be useful in such cases, which also has
the advantage that they are more easily shipped and handled. A further recent study confirmed that
swab samples reliably replicate the stool microbiota bacterial composition when swabs are processed
quickly (≤2 days) [48].

Finally, special considerations are needed if addressing peculiar samples such as the newborn’s
first intestinal discharge (meconium). The debate about “when” the neonatal microbiota begins has
been previously mentioned. Recently, several scientists have underlined that, even if it is possible
that not all healthy babies are born sterile as previously thought, particular caution is due when
working on samples bearing low microbial biomass such as meconia because of the contamination
issues connaturated with molecular approaches based on PCR amplification and next-generation
sequencing [17,49,50]. The presence of contaminating DNA in laboratory reagents (so-called “kitome”)
is a serious challenge in these cases; low levels of target bacterial DNA in a sample have been reported
to correlate with a high proportion of sequences being attributable to contamination [51,52].

8. Discussion

The Anna Karenina principle, based on Leo Tolstoy’s great book and cited in 1878 (All happy
families are alike: each unhappy family is unhappy in its own way), has been recently translated by
Zaneveld et al. [53] as the response to stress against the stability of animal microbiomes. These authors
discussed how healthy microbiomes may be quite similar between individuals, but each dysbiotic
microbiota is dysbiotic in its own way. The associations between microbiome instability/variability
and many confounding factors as well as with diseases, suggest that microbiome may have many and
simultaneous multiple faces.

This “stochastic” drift, occurring at any stage of life under stress conditions, can create several
phenotypes that need to be known and harmonized when planning a study on microbiota.

Early childhood possesses distinct microbiota tracts compared with later ones, where different
clusters and phyla may be differently represented. One common characteristic during this early stage
of life is that bacterial richness and diversity increase during growth. Therefore, pediatricians should
know that there are several age-related microbiota profiles, and should also be aware of the need to
categorize each individual in a defined, monthly range by carefully considering the above-mentioned
interference factors.

Several specialties need to be involved in this aim as well as the combination of different
knowledge. The “Clinical Microbiota Expert” is not only a new job, but represents a step forward
to create competence in this field where clinical microbiologists, clinicians, and bioinformaticians
are merged into one. This new job-role will have to create awareness on the study of the “dynamic
body” such as the gut microbiota during early age by creating novel models and approaches as well as
solutions to solve and interpret the clinical microbiology results. Therefore, translational methodologies
to approach a new way of designing clinical trials need to use feasibility and efficacy tools, and a deeper
preparation in the field to avoid uncontrolled errors, unsubstantiated results, and excessive costs.
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9. Conclusions and Future Perspectives

Next-generation sequencing methodologies still remain expensive and the diagnostic market is
offering different solutions, thus a proper, and especially judicious, use of these methods is definitively
mandatory. The clinical microbiota expert and pediatricians involved in the field will also have to
guide through this jungle by trying to avoid false myths and promises that could be difficult to realize.
In the near future, all of these studies and experiences will necessarily lead to a better understanding
of the real key phases of microbiome progression from birth throughout childhood.

A final consideration to underline is that the metagenomics community still needs to fully converge
toward standardized methods and procedures, leading to an investigation of the sources of variability
and bias at each step of the workflow, and to an improved reproducibility and comparability between
studies. This is a necessary premise for moving from correlation studies to causation investigations
and to answer complex questions in a translational setting.
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