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Abstract: Background: Hepatitis B virus (HBV) infection is a global health epidemic that causes fatal
complications, leading to liver cirrhosis and hepatocellular carcinoma. The link between HBV-related
dysbiosis and specific bacterial taxa is still under investigation. Enterocloster is emerging as a new
genus (formerly Clostridium), including Enterocloster bolteae, a gut pathogen previously associated
with dysbiosis and human diseases such as autism, multiple sclerosis, and inflammatory bowel
diseases. Its role in liver diseases, especially HBV infection, is not reported. Methods: The fecal
samples of eight patients with chronic HBV infection and ten healthy individuals were analyzed
using the high-throughput culturomics approach and compared to 16S rRNA sequencing. Quan-
tification of ethanol, known for its damaging effect on the liver, produced from bacterial strains
enriched in chronic HBV was carried out by gas chromatography–mass spectrometry. Results: Using
culturomics, 29,120 isolated colonies were analyzed by Matrix-Assisted Laser Desorption/Ionization
Mass Spectrometry (MALDI–TOF); 340 species were identified (240 species in chronic HBV samples,
254 species in control samples) belonging to 169 genera and 6 phyla. In the chronic HBV group,
65 species were already known in the literature; 48 were associated with humans but had not been pre-
viously found in the gut, and 17 had never been associated with humans previously. Six species were
newly isolated in our study. By comparing bacterial species frequency, three bacterial genera were
serendipitously found with significantly enriched bacterial diversity in patients with chronic HBV:
Enterocloster, Clostridium, and Streptococcus (p = 0.0016, p = 0.041, p = 0.053, respectively). However,
metagenomics could not identify this enrichment, possibly concerning its insufficient taxonomical res-
olution (equivocal assignment of operational taxonomic units). At the species level, the significantly
enriched species in the chronic HBV group almost all belonged to class Clostridia, such as Clostridium
perfringens, Clostridium sporogenes, Enterocloster aldenensis, Enterocloster bolteae, Enterocloster clostrid-
ioformis, and Clostridium innocuum. Two E. bolteae strains, isolated from two patients with chronic
HBV infection, showed high ethanol production (27 and 200 mM). Conclusions: Culturomics allowed
us to identify Enterocloster species, specifically, E. bolteae, enriched in the gut microbiota of patients
with chronic HBV. These species had never been isolated in chronic HBV infection before. Moreover,
ethanol production by E. bolteae strains isolated from the chronic HBV group could contribute to liver
disease progression. Additionally, culturomics might be critical for better elucidating the relationship
between dysbiosis and chronic HBV infection in the future.

Keywords: dysbiosis; gut microbiota; chronic hepatitis B virus infection; Enterocloster bolteae; culturomics;
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1. Introduction

Hepatitis B virus (HBV) infection is a global health burden. Around 257 million
people are HBV-positive worldwide [1]. HBV infection constitutes the primary driver of
severe complications such as cirrhosis and hepatocellular carcinoma (HCC) [2]. Antiviral
treatment has proven to slow HBV progression; however, the disease occurs in a small
percentage of people even when a viral load is undetectable (50 IU/mL) [3]. Therefore, the
pathophysiologic mechanisms underlying the evolution of chronic infection with HBV are
still incompletely understood and deserve further investigation.

Gut microbiota has a complicated and mutually beneficial relationship with the host
and plays a vital role in the host’s metabolism, nutrition, pathological processes, and
immune function [4]. The link between gut microbiota, its derivatives, and the patho-
physiology of the liver has attracted considerable interest [5,6]. The liver receives various
gut-derived substances (bacterial products, environmental toxins, and food antigens) via
the biliary tract, portal vein, and systemic circulation due to the structural link to the
intestine known as the gut–liver axis [7]. Bacteria and bacterial products from the gut
microflora have been associated with systemic inflammation and severe liver diseases [8,9].
One of those products is ethanol, which is known to damage liver sinusoidal endothelial
cells and induces centrilobular sinusoidal collapse, which reduces blood flow and impairs
the microcirculatory exchange of nutrients and clearance of waste products [10].

In fact, different studies reported significant changes in gut microbiota composition in
patients with chronic HBV infection based on metagenomics analysis, characterized by high
abundance in Proteobacteria phylum [11] and genera such as Streptococcus [12], Prevotella [13],
Ruminococcus, and Veillonella [14,15] and low abundance of Clostridium [11,16,17]. However,
no study has investigated gut microbiota in chronic HBV infection based on cultivation tech-
niques. The high-throughput culturomics approach has been documented in studying gut
microbiota [18]. Culturomics provides viable pure cultures, unlike molecular approaches
that only give information on the genus level (species-level assignment is uncertain for
polyphyletic groups such as Enterobacteria), without any information regarding their via-
bility status. In addition, microbial culture using selective media has made it possible to
detect and cultivate minority bacterial populations that may pass undetected by genomic
technologies [19]. By achieving this, culturomics could eliminate different limitations of
metagenomics, such as extraction and bioinformatic bias, yielding difficult discrimination
between species owing to short amplicon length [19]. Metagenome-assembled genomes
(MAGs) [20] are a new trend that is aimed at overcoming these limitations. However,
MAGs are artificial because they represent a bio-informatic reconstruction and may be
biased by chimeric and repeat contigs [21]. Moreover, to date, culturomics has enabled the
isolation of more than 300 new bacterial species in the human gut that were previously
believed to be uncultured by traditional culture methods [18,19].

A previous study has reported the value of culturomics, performed in a case–control
study, in defining the missing repertoire of probiotics and beneficial species that could be
used in fecal microbiota transplantation (FMT), which requires viable isolated strains [22].
Interestingly, patients with chronic HBV infection who underwent FMT have achieved hep-
atitis B e-antigen (HBeAg) clearance in different studies [23–25]. Additionally, probiotics
were reported to function by preventing liver inflammation from impeding the advance-
ment of HCC via antioxidant and anti-metastatic activities [26]. In addition, the role of
probiotics, particularly in chronic HBV-related complications such as hepatic encephalopa-
thy, has been established in different studies [27–30]. As a result, it is critical to distinguish
between culturomics, which specifically detects live organisms, and metagenomics, which
yields DNA sequences most likely derived from already-dead species and cannot be iso-
lated or multiplied [31]. To date, not all bacteria can grow, even in culturomics [31].

Moreover, among the genus Clostridium, a new genus of anaerobic bacteria, namely
Enterocloster, has emerged as a reclassification due to advances in phylogenetics [32].
Enterocloster bolteae (formerly known as Clostridium bolteae) is an obligately anaerobic,
Gram-positive, rod-shaped, and spore-forming gastrointestinal pathogenic bacterium [33].
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E. bolteae was reported to produce butyrate, propionate, and acetate, which alter the motility
and contraction rate of the gastrointestinal tract attributed to chronic diarrheal episodes [34].
E. bolteae appears to produce beta-lactamases with resistance to β-lactam antibiotics such
as penicillin G, ticarcilllin, and piperacillin–tazobactam [35]. It is known to be present in
the stools of most children, with a significantly higher abundance in autistic children [36].
E. bolteae showed high abundance in patients with fatty liver disease [37]; however, its
role or abundance profile has not been reported in chronic HBV infection. E. bolteae was
reported to excrete metabolites that are thought to act as neurotoxins [38] and is known to
produce ethanol [39]. In patients with chronic HBV infection, alcohol intake is associated
with more severe liver disease [40]. Hence, reporting E. bolteae in chronic HBV infection is
an interesting aspect of our study.

In this small study, we are the first to describe a culturomics-based microbiome profile
to the species level in patients with chronic HBV infection and healthy individuals. The
species identified by both culturomics and metagenomics for each group of samples were
compared, highlighting the complementarity of these two approaches. Our study aims
to detect possible endogenous ethanol production by specific bacterial strains enriched in
patients with chronic HBV infection.

2. Material and Methods
2.1. Study Design

A case–control study was carried out in the Hepatology Department of Marseille Uni-
versity Hospital (south-eastern France), Marseille, France, according to STROBE statement
guidelines [41] from January to June 2022. The HEPATGUT study was approved by the lo-
cal ethics committee of l’Institut Hospitalo-Universitaire Méditerranée Infection, Marseille,
France (IHUMI, 2020-004), approved by the Protection of Persons Committee (Approval
No. CPP: 21.04391.000046—21075), and carried out according to the 2013 Declaration of
Helsinki (1975; World Medical Association, 2013) [42]. Informed consent was obtained
from the study subjects before their enrolment.

2.2. Study Population

The HEPATGUT study included 48 people with HBV and controls, intending to
analyze 10 HBV and 10 control samples using culturomics and metagenomics. However,
only eight HBV and ten controls have been studied and are reported in the present article
after the exclusion of two HBV samples due to misclassification, in order to ascertain
perfectly defined cases and controls. The HBV patients were recruited from Marseilles
University Hospital. Healthy controls without chronic diseases or on regular medications
were recruited using a snowball approach [43]. Data on age, gender, weight, height, and
dietary habits were collected. Patients with chronic HBV infection were confirmed to be
positive for hepatitis B surface antigen for at least six months; the diagnosis was made
according to European Association for the Study of the Liver (EASL) guidelines [44].

Alcoholism and probiotics/antibiotics intake in the previous month were exclusion
criteria for both cases and controls. In addition, vegetarians (those who eat only veg-
etables, fruits, grains, nuts, and occasionally eggs or dairy products) were excluded, as
they represent a minority, and this dietary habit has been associated with a distinct gut
microbiota [45]. The other exclusion criteria for all patients were as follows: patients with
viral hepatitis other than HBV, solid organ transplantation, smoking, immunosuppressive
drugs treatment within six months, acute or chronic infectious diseases, other liver disease,
metabolic disease, malignancy, and autoimmune diseases. The fecal samples from all
participants were collected and kept in sterile plastic tubes containing 1000 µL transport
medium; they were immediately (within 15 min) stored at−80 ◦C until used. The transport
medium consisted of 3 g/L NaCl, 0.2 g/L KCL, 0.1 g/L CaCl2, 0.1 g/L MgCl2, 0.2 g/L
KH2PO4, 0.25 g/L Na2S, 0.1 g/L glutathione, and 0.1 g/L uric acid. The pH was adjusted
to 7.5, and the medium was filtered at 0.2 µm.
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2.3. High-Throughput Culturomics Approach

The stool samples (eight samples from patients with chronic HBV infection and ten
samples from controls) were cultured according to the culturomics approach previously
established in our laboratory [46]. Fast culturomics was applied using four culture condi-
tions, as comprehensively detailed in a previous publication by Naud et al. [47]. Sampling
of specimens was carried out in anaerobic conditions. For this purpose, the stool sample
was placed in a half-open jar, itself placed under anaerobic conditions in a zip bag (Oxoid,
Dardilly, France) complemented by an anaerobic GasPak (Becton Dickinson, Le Pont de
Claix, France). The stool samples were aliquoted and frozen at −80 ◦C until use. One gram
of stool sample was diluted in one millileter of phosphate-buffered saline (PBS) (Thermo
Fisher Scientific, Illkirch, France), and the diluted samples were directly inoculated on agar
plates and also introduced with a syringe for pre-incubation into aerobic and anaerobic
blood culture bottles. For direct inoculation, the stool sample was carried out on 5% sheep
blood enriched Columbia (COS) agar (BioMérieux, Craponne, France) and inhouse YCFA
(yeast extract, casein hydrolysate, fatty acids) agar. The sample was also pre-incubated in
two liquid culture media at 37 ◦C: the commercially available Biomerieux medium and
the YCFA medium, supplemented with 2 mL defibrinated sterile sheep blood (BioMerieux,
Marcy l’Etoile, France), and 2 mL active rumen filtered at 0.22 µm. Then, the blood culture
vials and the directly inoculated agar plates were incubated at 37 ◦C.

Inoculation on blood agar of the preincubated samples in blood culture bottles was
performed for one month on different incubation days: Day 1, Day 3, Day 7, Day 10, Day 15,
Day 21, and Day 30 [48]. To this end, the preincubated stool samples were diluted from 10−1

to 10−10 in PBS to dilute the sample and identify the maximum number of bacterial species.
Then, 50 µL of diluted sample was deposed and homogenized onto COS, but only the YCFA
+ rumen + blood culture condition was also deposited onto YCFA agar. Each agar plate was
incubated for 24 h for aerobic conditions or 48 h for anaerobic conditions at 37 ◦C, mimicked
with a zip bag containing an anaerobic GasPak. Bacterial colonies different in appearance,
size, or color were subcultured on COS agar. These agars were then incubated according
to the culture condition previously described (direct inoculation, aerobic bottle + rumen
+ blood, anaerobic bottle + rumen + blood, and anaerobic bottle + YCFA + rumen + blood).

The purified resulting colonies were then identified using Matrix-Assisted Laser Des-
orption/Ionization Mass Spectrometry (MALDI–TOF/MS) according to the manufacturer’s
instructions [49,50]. Each colony was deposited in duplicate on a 96 MSP microplate
and covered with 2 µL matrix solution. The solution was made of saturated α-cyano-4-
hydroxycinnamic acid, 50% acetonitrile, and 2.5% trifluoroacetic acid. Measurements were
performed with a MicroFlex LT/SH (Bruker, Bremen, Germany). Spectra were recorded in
the positive linear mode. Data were automatically acquired using FlexControl v.3.4 and
MALDI Biotyper Compass v4.1 software for the run preparation and bio-typing analy-
sis. The spectra of different species were compared to MBT Compass BDAL Library v.11
(Bruker) containing 10,833 references of spectra (dispatched between 3893 species), as well
as our laboratory database Culturomics containing 9973 references of spectra (dispatched
between 2186 bacterial species) (accessed in October 2022). A score > 1.9 allowed identifica-
tion at the species level. In the case of unidentified colonies by MALDI–TOF (score < 1.9),
DNA from the unidentified colonies was extracted, amplified, purified, and analyzed, as
described in [22]. The sequences with a similarity percentage under 98.65 or 95% [51]
were identified as new species or new genera, respectively, and described according to the
taxonogenomics concept [52]. If the bacterial species identification was not interpretable,
16S ribosomal DNA gene sequencing was performed.

The isolated species were compared to a recently published cultured human bacteria
repertoire describing the bacterial species that have been cultured at least once from
humans [53].
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2.4. Method of 16S Ribosomal DNA Gene Amplification and Sequencing

A mechanical treatment was first performed on samples with powder glass beads
acid washed (G4649-500 g Sigma, St. Louis, MO, USA) and 0.5 mm glass beads cell
disruption media (Scientific Industries, Bohemia, NY, USA) using a FastPrep-24™ 5G
Grinder (mpBio) at maximum speed (6.5 m/s) for 90 s. vious study [54]. Method 1
is associated with classical lysis and proteThen, the samples were treated through two
kinds of lysis methods, namely, method 1 and method 5, according to a prease step,
followed by purification with E.Z.N.A Tissue DNA Kit (Omega bio-tek, Norcross, GA,
USA), while method 5 is associated with using a deglycosylation step and purification
on the EZ1 Advanced XL device with the EZ1 Qiagen tissue kit (Qiagen, Courtaboeuf,
France). The libraries were constructed according to the protocol: “16S Metagenomic
Sequencing Library Preparation” (Illumina Inc, San Diego, CA, USA). For each extraction
protocol, the 16S “V3-V4” region of DNA samples was amplified by a PCR of 45 cycles
using the Kapa HiFi Hotstart ReadyMix 2x (Roche, Basel, Switzerland). The primers
used contain a conserved V3-V4 region with overhang Illumina adapters (FwOvAd_341F:
5′TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG3′; Rev
OvAd_785R: 5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTA
TCTAATCC3′). The same probes used to extract the samples were used as a negative control
in addition to a blank of PCR containing the water used to prepare the mix. After purifi-
cation on AMPure beads (Beckman Coulter Inc, Fullerton, CA, USA), concentration was
measured using high-sensitivity Qubit technology (Beckman Coulter Inc., Fullerton, CA,
USA), and dilution to 3.5 ng/µL was performed. At this step, the library of method 1 was
pooled, volume to volume, to the library of method 5, and Illumina sequencing adapters
and dual-index barcodes were added to the amplicon. After purification on AMPure beads
(Beckman Coulter, Brea, CA, USA), this library was pooled with other multiplexed samples.
The concentration of the pooled libraries was quantified by a Qubit assay with the high
sensitivity kit (Life Technologies, Carlsbad, CA, USA) and diluted to 4 nM. Before loading
for sequencing on MiSeq (Illumina, San Diego, CA, USA), the pool was denatured and
diluted at 8 pM. Automated cluster generation and paired-end sequencing with dual-index
reads were performed in a single 39 h run in a 2 × 250 bp. The paired reads were filtered
according to the read qualities. The raw data were configured in fastq files for R1 and
R2 reads.

2.5. Measurement of Ethanol Production by Strains Enriched in Chronic HBV Samples

The bacteria were grown in a yeast–peptone–glucose (YPG) medium composed of the
following components: 10 g yeast extract (BioMérieux, Craponne, France), 20 g peptone
(BD Diagnostic, Le Pont de Claix, France), 20 g D-glucose (BD Diagnostic, Le Pont de Claix,
France), and 1 L of distilled water. Once all ingredients were thoroughly dissolved, the
broth was filtered using the RapidFlow™ filtration system (Thermo Fisher, Illkirch, France)
with a 0.22 µm membrane, and 10 mL of filtered broth was poured into Hungate tubes.
Each tube was inoculated at a concentration of one McFarland to standardize bacterial
concentration. Several colonies were picked and suspended in tubes with sterile 0.85% NaCl
medium (BioMérieux, Craponne, France), and turbidity was measured using a McFarland
densitometer (BioMerieux, Marcy l’Etoile, France).

The strains were grown in three different experiments, with some variations in the
protocol in terms of inoculated bacterial concentration and degassing time. Experiment 1:
the bacterial suspension was inoculated at one McFarland, and the tubes were degassed for
two minutes. Experiment 2: To promote the growth of E. bolteae strains, the concentration
of the bacterial suspension was increased to three McFarland, the other strains were grown
at one McFarland, and the degassing time was two minutes for all strains. Experiment 3:
All strains were grown at one McFarland, and the tubes were degassed for three minutes.
E. bolteae strain s28/42 was grown on two different media (YPG and BACT/ALERT®

FN Plus flask (bioMérieux, Lyon, France)). The BACT/ALERT FN Plus flasks for blood
culture contain polymeric beads that adsorb antibiotics with peptones/biological extracts,
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anticoagulants, vitamins, amino acids, carbon sources, trace elements, and other complex
amino acid and carbohydrate substrates in purified water, in a vacuum atmosphere of N2
and CO2.

Quantification of ethanol produced in each culture was carried out by headspace gas
chromatography–mass spectrometry (HS-GC–MS) using a Turbomatrix HS110 sampler
connected to a Clarus 690 chromatograph and a SQ8 T single quadrupole mass spectrom-
eter (Perkin Elmer, Waltham, MA, USA). A standard ethanol curve was prepared with
concentrations ranging from 0.5 mM to 100 mM spiked with isopropanol as an internal
standard (5 mM). Samples were dispensed into headspace (HS) vials using 1 mL aliquot of
each culture, then spiked with isopropanol. HS vials were heated at 60◦ C (for 10 min) and
pressurized to 25 psi (1 min). The volatilized content was transferred to the GC (0.03 min,
split 10/1). Alcohols were then separated through an Elite BAC2 column (30 m, 0.32 ID,
Perkin Elmer) maintained at 70 degrees using helium as carrier gas (19.5 psi). A selected
ion recording method was used to measure ethanol (31 m/z) and isopropanol (45 m/z). The
data obtained were analyzed using Turbomass 6.1 software (Perkin Elmer).

2.6. Bioinformatic Analysis

The raw sequencing data for all samples were deposited into the NCBI Sequence Read
Archive database (accession number: PRJEB62828). Noisy sequencing data were excluded,
and chimeric sequences were identified and removed by Chimera Slayer. The clean data
were clustered into operational taxonomic units (OTUs) at the 97% similarity threshold
using UCLUST algorithm after the removal of singletons. The alpha, beta diversity, and
linear discriminant analysis (LDA) were calculated using the Microbiome Analyst Platform
(https://www.microbiomeanalyst.ca/; accessed on 17 March 2023) [55]. Shared taxa
present in all groups were defined as the core microbiota.

2.7. Statistical Analysis

The results are expressed as the mean ± standard deviation. The normal distribution
was performed using the Kolmogorov–Smirnov test. Two-tailed unpaired Student’s t-tests
or Mann–Whitney tests were used when the data were normally or not normally distributed,
respectively. Moreover, the Chi-squared test was used to compare the proportions of a
sufficiently large number of species (>20 in each contingency table cell). In contrast, Fisher’s
exact and bilateral Barnard’s exact tests were used if the number of species was small
(typically < 20 in one or more cells of the table). For gut microbiota analysis, differences in
the relative abundances of OTUs of dominant bacteria were analyzed using Mann–Whitney
U-tests. Statistical significance was accepted at p < 0.05. All analyses were performed
with GraphPad Prism Software for Windows (GraphPad Software, San Diego, CA, USA)
(version 9.0).

3. Results
3.1. Altered Diversity in Chronic HBV Samples by Culturomics

Of the 18 samples, 29,120 colonies were analyzed by MALDI–TOF to identify a total
of 340 species belonging to 169 genera, and 6 phyla (chronic HBV samples (n = 8) yielded
240 species and 14,340 colonies (1793 ± 225 colonies per sample); conversely. control sam-
ples (n = 10) yielded 254 species, and 14,780 colonies (1478 ± 265 colonies per sample) were
isolated (unpaired t-test, p = 0.0168). In addition, 154 species were shared between chronic
HBV and control groups, while 86 species were uniquely detected in the chronic HBV group.
A detailed list of the isolated bacterial species is mentioned in Supplementary File S1.

In chronic HBV samples, 5 bacterial phyla were isolated, with mostly Bacillota (148 species),
followed by 34 Bacteroidota, 32 Actinobacteria, 16 Proteobacteria, and 2 Synergistetes. In control
samples, 6 phyla were isolated, with a majority of Bacillota (143 species), followed by
50 Bacteroidota, 40 Actinobacteria, 12 Proteobacteria, 1 Synergistetes, and 1 Verrucomicrobia
(Table S1).

https://www.microbiomeanalyst.ca/
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The 240 species isolated from chronic HBV samples belonged to 43 different families
and 128 different genera. Among them, nine were the best-represented genera in terms
of the diversity in the species, including Bacteroides (eleven species), Enterococcus (eleven),
Alistipes (nine), Streptococcus (nine), Clostridium (eight), Peptinophilus (eight), Enterocloster
(five), and Prevotella (five). In control samples, a total of 111 genera were identified,
with the 7 most-represented genera including Bacteroides (15 species), Enterococcus (11),
Alistipes (12), Peptinophilus (9), Bifidobacterium (7), Limosilactobacillus (7), and Clostridium (6)
(Table S1). Thirty-four genera were only represented in the chronic HBV group and not in
the control group. Three bacterial genera from the Bacillota and Bacilli phyla were found
to have increased diversity (number of species of this genus per sample) in patients with
chronic HBV infection, although only two genera, Enterocloster (p = 0.0016) and Clostridium
(p = 0.041), showed significantly increased diversity (Table S1; Figure 1).
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Figure 1. Boxplot showing the number of species per sample identified by culturomics in the three
genera with a significant frequency difference between patients with chronic hepatitis B virus (HBV)
infection (Red) versus the control group (Green). Two-tailed Mann–Whitney test; * p value < 0.05. ns:
not statistically significant.

At the species level, the species with the highest significant difference in frequency
belonging to class Clostridia were four Enterocloster (E. bolteae, E. aldenensis, E. clostridioformis,
and E. citroniae) and three Clostridium (C. perfringens, C. sporogenes and C. innocuum) in the
chronic HBV group. However, Olsenella uli, which belongs to Class Coriobacteriia, was more
frequent in the control group (Figure 2a). The proportion of positive samples for Entero-
closter was higher in the chronic HBV group (7/8 vs. 2/10, p = 0.009, bilateral Barnard’s
exact test). Two patients with chronic HBV infection (HBV3, HBV7) were diagnosed with
cirrhosis. HBV3 showed a greater diversity of Enterocloster species than the other samples
(Figure 2b).

Overall, the hitherto unknown diversity was assessed and defined as the number of
new species added to the species not previously known from the human gut by sample for
culturomics analysis and as the number of unidentified OTU for metagenomics analysis [22].
The difference was not significant by culturomics for new species (0.75 ± 1.09 in chronic
HBV vs. 1 ± 1.6 in controls, p = 0.96), as well as for previously known species which
had not been previously found in humans (3.5 ± 1.41 in HBV vs. 2.36 ± 1.07 for controls,
p = 0.0763) (Table S2).
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per sample. (c) Proportion of samples positive for Enterocloster species. Barnard’s bilateral exact test
was used to test the p-value. * p-value < 0.01.

By comparing the species isolated in the chronic HBV group to a recently published
cultured human bacteria repertoire describing 3242 bacterial species, 81 shared species, and
5 species were uniquely defined in the HBV group. Moreover, 14 species were found in
common between chronic HBV and control groups (Supplementary File S1). In addition,
among the 240 species isolated in the chronic HBV group, 175 species were known in
the human gut, 48 species were known in humans but not in the gut, 17 species were
known but not previously found in humans, and 6 species were identified as new species
(Table S3). In the control group, 11 unknown species were isolated from the human gut,
among which 4 new genera were identified (Table S3), 13 were known but not previously
found in humans, and 44 were already known in humans but not previously found in
the gut.

3.2. Diversity Assessed by Metagenomics

The sequencing run expressed good quality monitoring parameters, as denoted in a
cluster density of 965 K/MM2, passing filters of 53.6%, Q score of 2.3G 83.6%, and PhiX of
15%. Sequencing yielded 1,704,021 good-quality total reads (associated and non-associated
reads) for the 18 samples included in our study (1,016,049 for chronic HBV and 687,972 for
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controls). The number of reads per sample was significantly higher in the chronic HBV
group (127,006 ± 58,171) than in controls (68,797 ± 33,188) (p = 0.016).

The metagenomics analysis showed that in chronic HBV samples, 826,517 associ-
ated reads were dispersed throughout 7 phyla (Actinobacteria, Bacteroidetes, Euryarchaeota,
Bacillota, Proteobacteria, Candidatus Saccharibacteria, and Verrucomicrobia). Control samples
generated 507,865 associated reads and were divided into the same 7 phyla detected in the
chronic HBV group. These reads matched 682 species in the HBV group and 715 in the
control group. The richness and diversity of both groups were compared through the alpha
diversity metrics shown in Figure 3. There was no significant difference in the Chao1 index
(p = 0.168) or Shannon index (p = 0.315). Beta diversity showed significant differences in
bacterial communities through principal coordinate analysis (PCoA) (R2 = 0.108, p = 0.009)
(Figure 3). No significant difference existed between the groups, except for Proteobacteria,
which showed a significant decrease in patients with chronic HBV infection, p = 0.034
(Figure 4). The chronic HBV group showed 76 genera and the control group showed
74 genera (g_IHU_PG_93_Eubacteriaceae_207 and g_Atribacter3 were absent from the control
group) (Table S4). Highly significant different genera in both groups with LDA score > 2.0
and p < 0.05 are illustrated in Figure 4. Interestingly, no significant difference was noticed
regarding abundance for the same frequent genera detected by culturomics as Clostridium
(p = 0.145) and Streptococcus (p = 0.260). Enterocloster was not recognized as an abundant
taxon by LDA. Highly abundant OTUs assigned to the species level with LDA score > 2.0
and p < 0.05 in both groups were shown in Figure 4.
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Figure 3. Comparison of alpha diversity and beta diversity in patients with chronic hepatitis B virus
(HBV) and control groups. (A) Alpha diversity in box plots. Each boxplot represents the data range
(whiskers), upper and lower quartiles (edges), the median (horizontal line), and the mean (black
diamond). (B) Principal coordinate analysis (PCoA) plot of beta diversity.

Notably, six out of all seven species belonging to Enterocloster and Clostridium gen-
era were identified as multi-assigned OTUs in the dataset of 16S ribosomal RNA se-
quencing results (Enterocloster_aldenensis, Enterocloster_bolteae, Enterocloster_citroniae, En-
terocloster_clostridioformis). Enterocloster_bolteae could not be identified as a single OTU.
Clostridium_innocuum was identified as a single OTU, while Clostridium_perfringens was
identified in single and multi-assigned OTUs. C. sporogenes was not identified at all in the
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samples. Clostridium_innocuum and Clostridium_perfringens species were unequivocally
identified (only one species is known for this OTU). Three species were identified equivo-
cally (Figure 5). Overall, none of the seven species with significant differences identified by
culturomics had a considerable difference by sequencing. Similarly, no significant differ-
ences were noticed regarding the relative abundance of all OTUs attributed to Enterocloster
or Clostridium at the genus level.
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Figure 4. Relative abundance of gut microbiota in patients with chronic HBV infection (n = 8) and the
control group (n = 10). (a) Barplot expressing abundant phyla. (b) Genus-level and (c) species-level
were selected via LEfSe (LDA score > 2). Some OTUs correspond to several species (see Table S5).
For clarity, only one clinically relevant species is represented on the graphic. HBV: Hepatitis B virus;
LEfSe: linear discriminant analysis effect size; LDA: linear discriminant analysis; OTUs: operational
taxonomic units. ns: not statistically significant. * p < 0.05.
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Figure 5. Enterocloster and Clostridium species detected in 16s RNA sequencing data file per sample.
OTUs: Operational Taxonomic Units; HBV: hepatitis B virus infection; CTL: control. E. bolteae,
E. citroniae, and E. clostridioformis (red words) were identified equivocally.

The metagenomics analysis showed a decreased aerotolerant alpha diversity (1.11 ± 0.40
in chronic HBV vs. 1.21 ± 0.49 in controls; p = 0.514) in addition to a decreased anerointol-
erant diversity in the chronic HBV group (2.85 ± 0.53 in HBV vs. 3.08 ± 0.31 in controls;
p = 0.359). These results confirmed the specific decrease in anaerobic diversity found by
culturomics, indicating loss of anaerobic species in patients with chronic HBV infection.
The hitherto unknown diversity (unidentified OTUs) was consistently and significantly
increased in the chronic HBV group (p = 0.0434). Additionally, at the prokaryotic level,
18.65% of all reads in the chronic HBV group were not assigned vs. 25.67% in control
(p < 0.0001).

3.3. Missing Repertoire in Patients with Chronic HBV Infection

For identification of potential probiotic species, all of the bacterial species that were
identified both by culturomics and metagenomics were considered in the control samples
but not in HBV samples (Supplementary File S1). The common species between both ap-
proaches in the control group were six, including Alistipes merdae, Christensenella massiliensis,
Dialister succinatiphilus, Fenollaria timonensis, Mediterranea massiliensis, and Metaprevotella
massiliensis. However, the HBV group showed nine shared species between both ap-
proaches, including Clostridium marseillense, Mogibacterium neglectum, Mogibacterium vescum,
Pantoea agglomerans, Prevotella caccae, Prevotella copri, Terrisporobacter glycolicus, Weissella
cibaria, and Weissella confusa.

Comparing the species identified by metagenomics and culturomics in chronic HBV
and control groups, 213 species were found exclusively in the control samples (Supplemen-
tary File S1). These species belonged overwhelmingly to the Bacillota phylum (89; 41.75%)
and Proteobacteria (73; 34.27%), followed by a low number of species from the Actinobacteria
(22; 10.33%), the Bacteroidetes (26; 12.21%), and Euryarchaeota (1; 0.47%) phyla. Among the
missing repertoire, strikingly, 129 species (60.56%) were strictly anaerobic.

The literature was searched for each species to find a possible probiotic use for humans.
Three species, Limosilactobacillus oris, Propionibacterium freudenreichii, and Streptococcus oralis,
were found to have possible probiotic features (Table S6). Two of them (L. oris Q6189 and
S. oralis Q4071) were isolated by culturomics in the control samples and are readily available
in our laboratory’s Collection de Souches de l’Unité des Rickettsies (CSUR) collection.

3.4. Ethanol Quantification Produced by Enterocloster Species

The ethanol production of strains isolated from patients with chronic HBV infection
was investigated (Table S7). Following two attempts in YPG and BACT/ALERT FN media,
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the third effort using a closed BACT/ALERT FN bottle to establish controlled anaerobiosis
with an optimized medium (a technique developed during microbial culturomics) [48],
showed significant ethanol production (Figure 6). No ethanol detection was observed
for any of the E. bolteae strains or E. citroniae in experiment 1 and 2 (Table S7). However,
in experiment 3, E. aldenensis strain s16/38 and E. bolteae strain s28/42 exhibited a weak
ethanol production below 0.25 mM on YPG medium. Interestingly, E. bolteae strain s28/42
showed significantly higher ethanol production when growing on FN medium (Table S7).
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Figure 6. Detection of ethanol by gas chromatography–mass spectrometry (GC–MS) produced by
isolated Enterocloster strain S28/42 in HBV using YPG or BACT/ALERT® FN Plus culture media.
The first chromatogram shows the analysis of E. bolteae strain s28/42 grown on YPG medium
(10% glucose), in which bacterial growth was deficient and no ethanol was detected. The second
chromatogram corresponds to the same strain grown on BACT/ALERT® FN Plus, in which bacterial
growth was evident within 24 h, and the presence of ethanol was observed at the peak at 5.09. The
peak at 5.58 in both graphs corresponds to the isopropanol used as an internal standard.

4. Discussion

In this study, we report four enriched Enterocloster species, for the first time, in patients
with chronic HBV infection using the culturomics approach rather than metagenomics. To
our knowledge, no Enterocloster species were linked to chronic HBV infection.

The “culturomics” approach, whose effectiveness in analyzing gut microbiota has
not yet been established [18], offers a significant benefit over metagenomics to exclude
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the enormous number of ingested bacteria that are killed in the upper gut by the acidic
environment and bile salts [56] and to provide live strains on which further analysis can be
performed. The popular method for examining the diversity of gut microbiota is metage-
nomics; however, the results of those studies has shown very low reproducibility, likely due
to variations and biases in sampling, DNA extraction methodology, sequencing method,
and data analysis technique [57]. The discordance between culturomics and metagenomics
results has been a surprising finding since the very first development of this approach in
2009, with less than 20% common species [48]. Interestingly, the metagenomic approach
detected a lower number of bacterial species than culturomics in a study conducted on a
patient with resistant tuberculosis [58]. This demonstrates the depth bias of metagenomics.
Moreover, it is a central point for the culturomics approach developed in our lab ten years
ago to consider that all bacteria could grow [48]. Indeed, culturomics aims to reproduce the
natural micro-environment and successfully discover hundreds of new bacterial species.
However, several species and strains remain uncultured to date. However, the sample’s
preparation could significantly impact culturability, including the mode of sampling, time
of exposure to oxygen, and mode of freezing. For instance, using cryoprotectants could
have dramatically improved culturability [59]. In addition, it was reported that culturability
depends on the abundance of the bacterial species in the sample [31].

Eventually, both approaches seem to have several biases that could explain the dis-
parities and complementarity [18,19]. Nevertheless, despite the discrepancy between
metagenomics and culturomics [60,61], culturomics allowed the extension of gut micro-
biota’s known diversity and functions [62], as we proved by the results of this study.
Furthermore, culturomics is a validated technique with consistent species identification
that avoids some previously mentioned disadvantages of the metagenomic approach, such
as inferior taxonomic resolution [19].

We intended to analyze ten samples per group by culturomics because it is a time-
consuming approach in which one sample takes approximately four weeks to be analyzed.
In addition, this small study was designed to be an exploratory study typically conducted
to gain insights, explore potential relationships, and generate hypotheses for further inves-
tigation. Furthermore, exploratory research depends on the topic and the field. However,
exploratory studies often come with certain limitations, and one common concern is the
small sample size [63]. In our exploratory study, it is not only about the time consumed for
every culture condition. It is also about the in-depth and accurate identification of the iso-
lated colonies; as mentioned in the results section, from the 18 samples, 29,120 colonies were
analyzed by MALDI–TOF to identify a total of 340 species (HBV samples (n = 8) yielded
240 species and 14,340 colonies (1793± 225 colonies per sample) vs. control samples (n = 10)
yielded 254 species, and 14,780 colonies (1478 ± 265 colonies per sample) were isolated;
unpaired t-test, p = 0.0168) (Supplementary File S1). Since power refers to the likelihood
that we will find a significant result (an effect) in a studied sample or population [64]. Ac-
cordingly, several colonies and species identified per sample in our study made our results
robust. The significant difference with low statistical power corresponded to dramatic and
clear-cut differences. Hence, further studies with increased power (from more samples) are
encouraged to confirm our results and decipher less important differences.

A total of 240 and 254 living, viable, and cultivable bacterial species were identified in
the chronic HBV and control groups, respectively. Fifty-five species have been recognized as
core microbiome detected by both approaches. Among them, 213 species formed a missing
repertoire in patients with chronic HBV infection since they were found by both techniques
exclusively in the healthy control group but not in the chronic HBV group. The global
diversity, by culturomics, was significantly decreased alongside the aerointolerant species
in the HBV group compared to controls. Metagenomic results showed the same diversity
pattern. The hitherto unknown diversity was significantly increased by metagenomics
in the chronic HBV group. Nevertheless, some studies using the metagenomic approach
showed different results. Joo et al. reported higher alpha diversity in the HBV group [65],
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while Zheng et al. reported its decrease [66]. This could be attributed to differences in
sample sizes and study populations.

Gut microbiota at the phylum level showed a non-significant increase in Proteobacteria
and a decrease in Actinobacteria and Bacteroidetes in the HBV group by culturomics. However,
metagenomics showed a significant reduction in Proteobacteria and a non-significant increase
in Bacteroidetes. Indeed, several metagenomic studies supported our culturomics findings,
which showed a continuous increase in the abundance of Proteobacteria in chronic HBV
infection [11,14]. Interestingly, in agreement with Lagier et al. [18], most undetected human
gut bacterial species grew in strict anaerobic (44%) or microaerophilic (5%) conditions, and
33% of them belonged to the phylum Proteobacteria. In contrast, only 9% belonged to the
phylum Bacteroidetes. Those findings also support our culturomics results and align with
the fact that our developed culturomics culture conditions were applied to cultivate those
missing bacteria. However, the discrepancy in Proteobacteria abundance results between
culturomics and metagenomics approaches could be attributed to the small sample size
or other previously mentioned biases in the metagenomic approach. According to further
research, Bacteroidetes and Actinobacteria in the chronic HBV group either increased or
decreased [11,14,15]. Interestingly, both approaches reported an increase in Bacillota, which
was in agreement with the previous studies [14,66]. Therefore, further exploration of gut
microbiota dysbiosis in chronic HBV infection is warranted.

Among the top highly represented genera by culturomics, Enterocloster and Clostridium
were significantly increased in the chronic HBV group. However, metagenomics showed
a significant abundance of different genera, including Roseburia, Kandleria, and Atribacter,
in the HBV group. Our results are different from most previous studies, which reported
a decrease in Clostridium [11,16,17] and Roseburia [15,16] genera in chronic HBV infection.
This could be attributed to the different sample size and diagnostic approaches used in
this study. Kandleria, a genus from the family of Erysipelotrichidae [67], and Atribacter, a
genus of the candidate phylum Atribacterota [68], have not been reported before in patients
with liver disease, especially with chronic HBV infection. Although non-significantly,
the increased abundance of Streptococcus in the chronic HBV group agreed with many
previous studies [14–16,69].

Enterocloster is a genus recently identified in 2019 [32] as a reclassification of Clostridium
genus, thanks to improved genomics and taxonomy. An unbiased study recently identified
this new genus as the main provider of inoviruses [69], potentially pathogenic prophage
viruses [70,71]. This genus comprises six validated species [32], including E. aldenensis,
E. asparagiformis, E. bolteae, E. citroniae, E. clostridioformis, and E. lavalensis. Five Enterocloster
species were isolated from chronic HBV samples; only two were in controls. Four species
(E. aldenensis, E. bolteae, E. citroniae and E. clostridioformis) showed a significantly increased
frequency in patients with chronic HBV infection. Notably, both E. clostridioformis/E. bolteae
and E. asparagiformis/E. lavalensis were closely related based on phylogenetic, phylogenomic,
and phenotypic perspectives [32]. However, culturomics alone could separately identify
those species that were not distinguishable by sequencing but well-identified by MALDI–
TOF, with high identification score > 2. A total of 18 OTUs were identified as Enterocloster
species, and 448 OTUs were assigned for Clostridium species. Among 18 OTUs of Ente-
rocloster species, seven OTUs were multi-assigned for E. asparagiformis and E. lavalensis.
E. bolteae has been identified in three multi-assigned OTUs.

Species of Enterocloster genus have been associated with different diseases and dysbio-
sis. Enterocloster aldenensis was reported in intra-abdominal infections [72]. Additionally,
a high carbohydrate-fermenting Enterocloster species such as E. clostridioformis was doc-
umented to be associated with clinical bacteremia cases [73] and was highly abundant
in Type II diabetes [74] and Crohn’s disease [75]. Interestingly, E. bolteae was reported
in different neurological diseases such as autism [38,76], multiple sclerosis [77], and neu-
romyelitis optica spectrum disorders [78]. According to a prior study, E. bolteae could
produce microbially conjugated bile acids that contribute to the severity of Crohn’s disease
and irritable bowel syndrome (IBS) [79]. Moreover, E. bolteae was identified as a mediator in
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fatty acid (FA) acylation to isoBAs (bile acids) [80]. E. bolteae has been reported in patients
with fatty liver disease [37]. However, E. bolteae is not reported in chronic HBV infection;
additionally, the role of its produced FA–isoBAs in host physiology or hepatic diseases is
under investigation. Surprisingly, among Entercloster species, E. citroniae was described as
an enriched purine-degrading species and considered a promising therapeutic prebiotic
to reduce serum uric acid levels in a clinical trial performed on renal failure patients [81].
Moreover, patients on peritoneal dialysis who experienced a restriction of advanced glyca-
tion end products diet (to decrease cardiovascular disease incidence) showed an increase in
E. citroniae, suggesting its beneficial role [82]. As a result, the increased prevalence of the
Enterocloster species mentioned in chronic HBV infection necessitates more research into
their potential role in liver disease progression, particularly HBV-related complications.

Our culturomics results showed significant abundance in three Clostridium species,
including C. perfringens, C. innocuum, and C. sporogenes in the HBV group. In fact, the genus
Clostridium has recently been taxonomically clarified [83], making it possible to specify
the associations between this genus and several diseases. In particular, C. perfringens is
associated with necrotizing enteritis, enterotoxemia, and gas gangrene [84]. Moreover,
cirrhotic patients infected with C. perfringens manifested poor prognosis [85]. Clostridium
innocuum was described as an extraintestinal pathogen causing bacteremia, endocarditis,
osteomyelitis, and peritonitis and may also cause a C. difficile-like antibiotic-associated
diarrheal illness [86]. Additionally, C. sporogenes was able to transform tryptophan into
indole-3-propionic acid affecting intestinal permeability and was found to be negatively
correlated with several metabolic diseases [87]. Therefore, the potential role of those
particular species deserves further investigation in patients with chronic HBV infection.

Additionally, our study reported different abundant species in the HBV group by
metagenomics such as Coprococcus_eutactus (OTU731), Parabacteroides_distasonis (OTU38338),
Ruminococcus_torques (OTU38812), Kandleria_vitulina (OTU34133), and multiassigned OTUs
for Streptocoocus (OTU36481) and Bifidobacterium (OTU37693) species. Surprisingly, both
culturomics and metagenomics approaches identified nine and six species in HBV and
control samples, respectively. However, those species were not significantly frequent or
abundant, except for P. copri (OTU38502), which was significantly abundant in the HBV
group by metagenomics. In addition, previous studies had also reported an increase in
the Prevotella genus in chronic HBV infection [12,15]. Prevotella was reported to be related
explicitly to the immunotolerant phase of HBV infection [88], indicating that members of
Prevotella genus could play a vital role in viral escape from the host immune system.

Briefly, the differences between our findings using culturomics and metagenomic
approaches and previous HBV-associated gut dysbiosis studies have been summarized in
Table S8. Interestingly, most previous studies reported gut dysbiosis to the genus level, and
only a few reported the species level. The characteristics of the chronic HBV-associated
dysbiosis in our study showed a depletion of aerointolerant diversity and enrichment
in potentially pathogenic Enterocloster and Clostridium species. Unlike earlier research,
our study found an increase in Clostridium species. However, most previous studies
agreed on a significant abundance of Streptococcus and Bacteriode. Moreover, one study
reported a significant abundance in the same three species reported in this study, including
Dorea longicatena, C. citroniae, and P. salivae [89]. Interestingly, no study has reported
E. bolteae abundance in chronic HBV infection. The discordant results could be related
to various factors, including sample size, the study populations, different disease stages,
and various diagnostic techniques (culturomics with different culture conditions), while
previous studies utilized solely the metagenomic approach. In summary, no method is
ideal, and culturomics and metagenomics are necessary and complementary for explaining
the dysbiosis associated with chronic HBV infection.

Under anaerobic conditions, it has been reported that Escherichia, Bacteroides, Bifi-
dobacterium, and Clostridium genera can produce ethanol by fermentation from consumed
carbohydrates [90]. Moreover, E. bolteae species was particularly interesting because bacte-
ria from the Clostridia class carried genes encoding for ethanol production pathways [37].
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Interestingly, E. bolteae was described as an opportunistic pathogen in humans [90]. Ad-
ditionally, it caused liver damage through endogenous ethanol synthesis in patients with
non-alcoholic fatty liver disease (NAFLD) by increasing the permeability of the gut ep-
ithelial barrier [91]. Consequently, E. bolteae strains were re-cultured, but the inoculum
concentration increased to three MacFarland (experiment 2) to promote growth. However,
no ethanol was detected in any E. bolteae strain, but slight bacterial growth was observed
due to the turbidity of the medium. We speculated that this might be a problem linked
to the tube’s anaerobic environment; therefore, the degassing time was increased to three
minutes. The results of experiment 3 showed ethanol production from all the strains.
Surprisingly, E. bolteae strain s28/42, grown in BACT/ALERT® FN, produced the most
ethanol. The previous deficit in E. bolteae growth could be attributed to the volume of the
liquid medium (40 mL in BACT/ALERT® FN vs. 10 mL in YPG medium). The ethanol
production in the FN medium was achieved due to its higher nutritional content than the
YPG medium.

Notably, intestinal microecological modulators are now used in clinical practice to
treat HBV-related liver failure, particularly in patients with hepatic encephalopathy [92,93].
However, the therapeutic efficacy varies considerably due to the differences in gut micro-
biota composition. FMT is a promising technique to restore healthy microbiota, improve
the current treatment protocol, and prevent chronic HBV-associated complications [94],
as in cirrhotic patients and hepatic encephalopathy [95]. Tidjani et al. suggested that
the ideal situation would be to culture the symbionts absent from patients but present in
healthy control to define and accurately replicate a known and efficient mixed fecal micro-
biota [22]. Interestingly, on comparing the species identified in our study by metagenomics
and culturomics in both HBV and control groups, 213 species were found exclusively
in the control samples (Supplementary File S1). These species constituted the missing
repertoire in patients with chronic HBV infection and could be used for FMT. Nevertheless,
due to the limited number of participants and a lack of randomized clinical trials, further
well-designed trials are required to confirm the initial assumptions and promote clinical
practicability in the future [96].

Furthermore, three species of possible probiotic features were identified in our study,
including L. oris, P. freudenreichii, and S. oralis. Some L. oris strains were reported as
bacteriocin-producing strains used as protective cultures [97]. A probiotic supplement of
P. freudenreichii was found to reduce the biologically effective dose of aflatoxin exposure
and decrease the risk of liver cancer in a previous clinical trial [98]. However, S. oralis was
involved in oral health by creating a healthy balance of beneficial bacteria while helping
reduce its undesirable counterpart [99]. Interestingly, the role of probiotics in chronic
HBV-associated complications such as encephalopathy has been proven [27,28]. Since the
usage of the missing repertory of probiotics necessitates the use of viable isolated strains,
the ability of the culturomics approach was demonstrated to play a critical role in the
cultivation of such gut microbiota.

In this context, the present results suggest endogenous alcohol production by gut mi-
crobiota might participate in chronic HBV infection, as recently described in non-alcoholic
steato-hepatitis (NASH) patients [100]. Additionally, microbial culturomics allowed us to
obtain live bacterial species that could contribute to the pathophysiology of the disease.

Nevertheless, it is essential to acknowledge the limitations of our study in terms of
small sample size and sample pre-freezing. The low number of samples in our exploratory
study is compensated by the huge number of colonies by sample, allowing us to have a deep
and robust characterization of each sample. Unfortunately, we did not use cryoprotectant
for sample pre-freezing in this study, which is a possible limitation. Cryoprotectants such
as trehalose, glycerol, and/or skimmed milk are proven to improve the culturability of any
frozen fecal sample [59]. However, it cannot be ruled out that cryoprotectants may alter the
microbial profile of any sample. Moreover, among the transport medium’s constitutions
used for the samples of this study, two antioxidants, namely glutathione and uric acid,
were included to maintain the cultivability of fecal anaerobes [101]. Therefore, our results
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are still relevant since the anaerobic spore-forming Clostridium species were recovered and
isolated successfully from the frozen samples.

Future research should consider more diverse samples and focus on elucidating the
mechanisms by which E. bolteae might contribute to liver inflammation and HBV disease
progression and on exploring interventions to restore healthy gut microbiota in chronic
HBV infection.

Finally, our results open new insight into microbiota’s potential role in the pathophysi-
ology of chronic HBV infection, paving the way for further research regarding microbiome-
targeted therapeutic options such as probiotics and FMT.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11102437/s1. References [102–130] are cited in the
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the cultured gut bacterial global and hitherto diversity between chronic HBV patients and control.
Table S3: Unique and putative new species isolated in chronic HBV patients and control groups.
Table S4: Relative genus abundance of gut microbiota in chronic HBV patients and control groups.
Table S5: OTUs corresponding to species level. Table S6: Potential probiotics identified by culturomics
and metagenomics in the control group and their possible effects. Table S7: Concentrations of ethanol
produced by different Enterocloster species in the three tested conditions using gas chromatography-
mass spectrometry (GC-MS). Table S8: Microbiota changes in previous case-control studies conducted
on HBV-related diseases. File S1: Culturomics results.

Author Contributions: R.M.W. contributed to the investigation, formal analysis, original draft
writing, and visualization. B.M. performed culturomics of the control samples. P.B. contributed
to the study design, review, and editing. M.T.A. contributed to the review and editing. M.L.M.R.
performed ethanol measurement. A.C. contributed to bioinformatic analysis. C.A. contributed to
16S RNA sequencing. N.A. contributed to the formal analysis of ethanol. M.M. contributed to
conceptualization, supervision, formal analysis, writing, review and editing, project administration,
and visualization. R.G. contributed to the study design, review, and editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by ANR-15-CE36-0004-01 and by ANR “Investissements d’avenir”.
Méditerranée Infection 10-IAHU-03 was also supported by the Région Provence-Alpes-Côte d’Azur.
This work received financial support from the Fondation Méditerranée Infection.

Data Availability Statement: The metagenomic files are available online under bio project number
PRJEB62828. All the cultured species in this study are preserved and available for further investigation.
They are deposited in the Collection de Souches de l’Unité des Rickettsiesand (CSUR) collection
numbers as Enterocloster bolteae Q5636, Clostridium sporogenes Q5441, and Clostridium sporogenes Q5652.
Probiotic species are available and deposited in our CSUR collection: Limosilactobacillus oris Q6189,
Propionibacterium freudenreichii Q7880, and Streptococcus oralis Q4071.

Acknowledgments: Our thanks go to the staff of the hepatology unit and the CSUR platform.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tang, L.S.Y.; Covert, E.; Wilson, E.; Kottilil, S. Chronic Hepatitis B Infection: A Review. JAMA 2018, 319, 1802–1813. [CrossRef]

[PubMed]
2. Wong, M.C.S.; Huang, J.L.W.; George, J.; Huang, J.; Leung, C.; Eslam, M.; Chan, H.L.Y.; Ng, S.C. The changing epidemiology of

liver diseases in the Asia-Pacific region. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 57–73. [CrossRef] [PubMed]
3. Sun, Y.; Zhou, J.; Wang, L.; Wu, X.; Chen, Y.; Piao, H.; Lu, L.; Jiang, W.; Xu, Y.; Feng, B.; et al. New classification of liver biopsy

assessment for fibrosis in chronic hepatitis B patients before and after treatment. Hepatology 2017, 65, 1438–1450. [CrossRef]
[PubMed]

4. Guarner, F.; Malagelada, J.-R. Gut flora in health and disease. Lancet 2003, 361, 512–519. [CrossRef] [PubMed]
5. Liu, C.; Wang, Y.L.; Yang, Y.Y.; Zhang, N.P.; Niu, C.; Shen, X.Z.; Wu, J. Novel approaches to intervene gut microbiota in the

treatment of chronic liver diseases. FASEB J. 2021, 35, e21871. [CrossRef] [PubMed]
6. Wang, R.; Tang, R.; Li, B.; Ma, X.; Schnabl, B.; Tilg, H. Gut microbiome, liver immunology, and liver diseases. Cell. Mol. Immunol.

2021, 18, 4–17. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms11102437/s1
https://www.mdpi.com/article/10.3390/microorganisms11102437/s1
https://doi.org/10.1001/jama.2018.3795
https://www.ncbi.nlm.nih.gov/pubmed/29715359
https://doi.org/10.1038/s41575-018-0055-0
https://www.ncbi.nlm.nih.gov/pubmed/30158570
https://doi.org/10.1002/hep.29009
https://www.ncbi.nlm.nih.gov/pubmed/28027574
https://doi.org/10.1016/S0140-6736(03)12489-0
https://www.ncbi.nlm.nih.gov/pubmed/12583961
https://doi.org/10.1096/fj.202100939R
https://www.ncbi.nlm.nih.gov/pubmed/34473374
https://doi.org/10.1038/s41423-020-00592-6
https://www.ncbi.nlm.nih.gov/pubmed/33318628


Microorganisms 2023, 11, 2437 18 of 22

7. Lynch, S.V.; Pedersen, O. The Human Intestinal Microbiome in Health and Disease. N. Engl. J. Med. 2016, 375, 2369–2379.
[CrossRef] [PubMed]

8. Giannelli, V.; Di Gregorio, V.; Iebba, V.; Giusto, M.; Schippa, S.; Merli, M.; Thalheimer, U. Microbiota and the gut-liver axis:
Bacterial translocation, inflammation and infection in cirrhosis. World J. Gastroenterol. 2014, 20, 16795–16810. [CrossRef]

9. Zeuzem, S. Gut-liver axis. Int. J. Colorectal Dis. 2000, 15, 59–82. [CrossRef]
10. McCuskey, R.S. Sinusoidal endothelial cells as an early target for hepatic toxicants. Clin. Hemorheol. Microcirc. 2006, 34, 5–10.
11. Sun, Z.; Huang, C.; Shi, Y.; Wang, R.; Fan, J.; Yu, Y.; Zhang, Z.; Zhu, K.; Li, M.; Ni, Q.; et al. Distinct Bile Acid Profiles in Patients

with Chronic Hepatitis B Virus Infection Reveal Metabolic Interplay Between Host, Virus and Gut Microbiome. Front. Med. 2021,
8, 708495. [CrossRef] [PubMed]

12. Wang, X.; Chen, L.; Wang, H.; Cai, W.; Xie, Q. Modulation of bile acid profile by gut microbiota in chronic hepatitis B. J. Cell. Mol.
Med. 2020, 24, 2573–2581. [CrossRef] [PubMed]

13. Chen, Y.; Yang, F.; Lu, H.; Wang, B.; Chen, Y.; Lei, D.; Wang, Y.; Zhu, B.; Li, L. Characterization of fecal microbial communities in
patients with liver cirrhosis. Hepatology 2011, 54, 562–572. [CrossRef] [PubMed]

14. Chen, Z.; Xie, Y.; Zhou, F.; Zhang, B.; Wu, J.; Yang, L.; Xu, S.; Stedtfeld, R.; Chen, Q.; Liu, J.; et al. Featured Gut Microbiomes
Associated With the Progression of Chronic Hepatitis B Disease. Front. Microbiol. 2020, 11, 383. [CrossRef] [PubMed]

15. Zeng, Y.; Chen, S.; Fu, Y.; Wu, W.; Chen, T.; Chen, J.; Yang, B.; Ou, Q. Gut microbiota dysbiosis in patients with hepatitis B
virus-induced chronic liver disease covering chronic hepatitis, liver cirrhosis and hepatocellular carcinoma. J. Viral Hepat. 2020,
27, 143–155. [CrossRef] [PubMed]

16. Yang, X.A.; Lv, F.; Wang, R.; Chang, Y.; Zhao, Y.; Cui, X.; Li, H.; Yang, S.; Li, S.; Zhao, X.; et al. Potential role of intestinal microflora
in disease progression among patients with different stages of Hepatitis B. Gut Pathogens. 2020, 12, 50. [CrossRef] [PubMed]

17. Wei, X.; Yan, X.; Zou, D.; Yang, Z.; Wang, X.; Liu, W.; Wang, S.; Li, X.; Han, J.; Huang, L.; et al. Abnormal fecal microbiota
community and functions in patients with hepatitis B liver cirrhosis as revealed by a metagenomic approach. BMC Gastroenterol.
2013, 13, 175. [CrossRef] [PubMed]

18. Lagier, J.C.; Khelaifia, S.; Alou, M.T.; Ndongo, S.; Dione, N.; Hugon, P.; Caputo, A.; Cadoret, F.; Traore, S.I.; Seck, E.H.; et al.
Culture of previously uncultured members of the human gut microbiota by culturomics. Nat. Microbiol. 2016, 1, 16203. [CrossRef]

19. Lagier, J.C.; Dubourg, G.; Million, M.; Cadoret, F.; Bilen, M.; Fenollar, F.; Levasseur, A.; Rolain, J.M.; Fournier, P.E.; Raoult, D.
Culturing the human microbiota and culturomics. Nat. Rev. Microbiol. 2018, 16, 540–550. [CrossRef]

20. Parks, D.H.; Rinke, C.; Chuvochina, M.; Chaumeil, P.A.; Woodcroft, B.J.; Evans, P.N.; Hugenholtz, P.; Tyson, G.W. Recovery of
nearly 8,000 metagenome-assembled genomes substantially expands the tree of life. Nat. Microbiol. 2017, 2, 1533–1542. [CrossRef]

21. Ayling, M.; Clark, M.D.; Leggett, R.M. New approaches for metagenome assembly with short reads. Brief. Bioinform. 2020, 21,
584–594. [CrossRef] [PubMed]

22. Tidjani Alou, M.; Million, M.; Traore, S.I.; Mouelhi, D.; Khelaifia, S.; Bachar, D.; Caputo, A.; Delerce, J.; Brah, S.;
Alhousseini, D.; et al. Gut Bacteria Missing in Severe Acute Malnutrition, Can We Identify Potential Probiotics by Culturomics?
Front. Microbiol. 2017, 8, 899. [CrossRef] [PubMed]

23. Ren, Y.D.; Ye, Z.S.; Yang, L.Z.; Jin, L.X.; Wei, W.J.; Deng, Y.Y.; Chen, X.X.; Xiao, C.X.; Yu, X.F.; Xu, H.Z.; et al. Fecal microbiota
transplantation induces hepatitis B virus e-antigen (HBeAg) clearance in patients with positive HBeAg after long-term antiviral
therapy. Hepatology 2017, 65, 1765–1768. [CrossRef] [PubMed]

24. Chauhan, A.; Kumar, R.; Sharma, S.; Mahanta, M.; Vayuuru, S.K.; Nayak, B.; Kumar, S.; Shalimar. Fecal Microbiota Transplantation
in Hepatitis B e Antigen-Positive Chronic Hepatitis B Patients: A Pilot Study. Dig. Dis. Sci. 2021, 66, 873–880. [CrossRef] [PubMed]

25. Sun, L.; Li, J.; Lan, L.-L.; Li, X.-A. The effect of fecal microbiota transplantation on Hepatic myelopathy: A case report. Medicine
2019, 98, e16430. [CrossRef] [PubMed]

26. Thilakarathna, W.P.D.W.; Rupasinghe, H.P.V.; Ridgway, N.D. Mechanisms by Which Probiotic Bacteria Attenuate the Risk of
Hepatocellular Carcinoma. Int. J. Mol. Sci. 2021, 22, 2606. [CrossRef] [PubMed]

27. Bagga, D.; Reichert, J.L.; Koschutnig, K.; Aigner, C.S.; Holzer, P.; Koskinen, K.; Moissl-Eichinger, C.; Schöpf, V. Probiotics drive
gut microbiome triggering emotional brain signatures. Gut Microbes 2018, 9, 486–496. [CrossRef]

28. Ziada, D.H.; Soliman, H.H.; El Yamany, S.A.; Hamisa, M.F.; Hasan, A.M. Can Lactobacillus acidophilus improve minimal hepatic
encephalopathy? A neurometabolite study using magnetic resonance spectroscopy. Arab. J. Gastroenterol. 2013, 14, 116–122.
[CrossRef]

29. Xia, X.; Chen, J.; Xia, J.; Wang, B.; Liu, H.; Yang, L.; Wang, Y.; Ling, Z. Role of probiotics in the treatment of minimal hepatic
encephalopathy in patients with HBV-induced liver cirrhosis. J. Int. Med. Res. 2018, 46, 3596–3604. [CrossRef]

30. Agrawal, A.; Sharma, B.C.; Sharma, P.; Sarin, S.K. Secondary Prophylaxis of Hepatic Encephalopathy in Cirrhosis: An Open-Label,
Randomized Controlled Trial of Lactulose, Probiotics, and No Therapy. Off. J. Am. Coll. Gastroenterol.|ACG. 2012, 107, 1043–1050.
[CrossRef]

31. Bellali, S.; Lagier, J.C.; Million, M.; Anani, H.; Haddad, G.; Francis, R.; Kuete Yimagou, E.; Khelaifia, S.; Levasseur, A.;
Raoult, D.; et al. Running after ghosts: Are dead bacteria the dark matter of the human gut microbiota? Gut Microbes 2021,
13, 1897208. [CrossRef] [PubMed]

32. Haas, K.N.; Blanchard, J.L. Reclassification of the Clostridium clostridioforme and Clostridium sphenoides clades as Enterocloster
gen. nov. and Lacrimispora gen. nov.; including reclassification of 15 taxa. Int. J. Syst. Evol. Microbiol. 2020, 70, 23–34. [CrossRef]
[PubMed]

https://doi.org/10.1056/NEJMra1600266
https://www.ncbi.nlm.nih.gov/pubmed/27974040
https://doi.org/10.3748/wjg.v20.i45.16795
https://doi.org/10.1007/s003840050236
https://doi.org/10.3389/fmed.2021.708495
https://www.ncbi.nlm.nih.gov/pubmed/34671614
https://doi.org/10.1111/jcmm.14951
https://www.ncbi.nlm.nih.gov/pubmed/31925905
https://doi.org/10.1002/hep.24423
https://www.ncbi.nlm.nih.gov/pubmed/21574172
https://doi.org/10.3389/fmicb.2020.00383
https://www.ncbi.nlm.nih.gov/pubmed/32265857
https://doi.org/10.1111/jvh.13216
https://www.ncbi.nlm.nih.gov/pubmed/31600845
https://doi.org/10.1186/s13099-020-00391-4
https://www.ncbi.nlm.nih.gov/pubmed/33117435
https://doi.org/10.1186/1471-230X-13-175
https://www.ncbi.nlm.nih.gov/pubmed/24369878
https://doi.org/10.1038/nmicrobiol.2016.203
https://doi.org/10.1038/s41579-018-0041-0
https://doi.org/10.1038/s41564-017-0012-7
https://doi.org/10.1093/bib/bbz020
https://www.ncbi.nlm.nih.gov/pubmed/30815668
https://doi.org/10.3389/fmicb.2017.00899
https://www.ncbi.nlm.nih.gov/pubmed/28588566
https://doi.org/10.1002/hep.29008
https://www.ncbi.nlm.nih.gov/pubmed/28027582
https://doi.org/10.1007/s10620-020-06246-x
https://www.ncbi.nlm.nih.gov/pubmed/32279172
https://doi.org/10.1097/MD.0000000000016430
https://www.ncbi.nlm.nih.gov/pubmed/31305466
https://doi.org/10.3390/ijms22052606
https://www.ncbi.nlm.nih.gov/pubmed/33807605
https://doi.org/10.1080/19490976.2018.1460015
https://doi.org/10.1016/j.ajg.2013.08.002
https://doi.org/10.1177/0300060518776064
https://doi.org/10.1038/ajg.2012.113
https://doi.org/10.1080/19490976.2021.1897208
https://www.ncbi.nlm.nih.gov/pubmed/33757378
https://doi.org/10.1099/ijsem.0.003698
https://www.ncbi.nlm.nih.gov/pubmed/31782700


Microorganisms 2023, 11, 2437 19 of 22

33. Song, Y.; Liu, C.; Molitoris, D.R.; Tomzynski, T.J.; Lawson, P.A.; Collins, M.D.; Finegold, S.M. Clostridium bolteae sp. nov.; Isolated
from Human Sources. Syst. Appl. Microbiol. 2003, 26, 84–89. [CrossRef] [PubMed]

34. Pequegnat, B.; Sagermann, M.; Valliani, M.; Toh, M.; Chow, H.; Allen-Vercoe, E.; Monteiro, M.A. A vaccine and diagnostic target
for Clostridium bolteae, an autism-associated bacterium. Vaccine 2013, 31, 2787–2790. [CrossRef] [PubMed]

35. Warren, Y.A.; Tyrrell, K.L.; Citron, D.M.; Goldstein, E.J.C. Clostridium aldenense sp. nov. and Clostridium citroniae sp. nov. isolated
from human clinical infections. J. Clin. Microbiol. 2006, 44, 2416–2422. [CrossRef] [PubMed]

36. Finegold, S.M.; Molitoris, D.; Song, Y.; Liu, C.; Vaisanen, M.L.; Bolte, E.; McTeague, M.; Sandler, R.; Wexler, H.; Marlowe, E.M.; et al.
Gastrointestinal microflora studies in late-onset autism. Clin. Infect. Dis. 2002, 35, S6–S16. [CrossRef] [PubMed]

37. Ruuskanen, M.O.; Åberg, F.; Männistö, V.; Havulinna, A.S.; Méric, G.; Liu, Y.; Loomba, R.; Vázquez-Baeza, Y.; Tripathi, A.;
Valsta, L.M.; et al. Links between gut microbiome composition and fatty liver disease in a large population sample. Gut Microbes
2021, 13, 1888673. [CrossRef] [PubMed]

38. Frame, N.W.; Allas, M.J.; Pequegnat, B.; Vinogradov, E.; Liao, V.C.; Al-Abdul-Wahid, S.; Arroyo, L.; Allen-Vercoe, E.; Lowary, T.L.;
Monteiro, M.A. Structure and synthesis of a vaccine and diagnostic target for Enterocloster bolteae, an autism-associated gut
pathogen—Part II. Carbohydr. Res. 2023, 526, 108805. [CrossRef] [PubMed]

39. Mohan, R.; Namsolleck, P.; Lawson, P.A.; Osterhoff, M.; Collins, M.D.; Alpert, C.A.; Blaut, M. Clostridium asparagiforme sp. nov.,
isolated from a human faecal sample. Syst. Appl. Microbiol. 2006, 29, 292–299. [CrossRef]

40. Mota, A.; Guedes, F.; Areias, J.; Pinho, L.; Cardoso, M.F. Alcohol consumption among patients with hepatitis B infection in
northern Portugal considering gender and hepatitis B virus genotype differences. Alcohol 2010, 44, 149–156. [CrossRef]

41. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Statement: Guidelines for Reporting Observational Studies. Epidemiology 2007,
18, 800. [CrossRef] [PubMed]

42. World Medical Association. World Medical Association Declaration of Helsinki: Ethical principles for medical research involving
human subjects. JAMA 2013, 310, 2191–2194. [CrossRef] [PubMed]

43. Handcock, M.S.; Gile, K.J. Comment: On the Concept of Snowball Sampling. Sociol. Methodol. 2011, 41, 367–371. [CrossRef]
[PubMed]

44. Liver EA for the S of the. EASL Clinical Practice Guidelines: Management of chronic hepatitis B virus infection. J. Hepatol. 2012,
57, 167–185. [CrossRef] [PubMed]

45. Tomova, A.; Bukovsky, I.; Rembert, E.; Yonas, W.; Alwarith, J.; Barnard, N.D.; Kahleova, H. The Effects of Vegetarian and Vegan
Diets on Gut Microbiota. Front. Nutr. 2019, 6, 47. [CrossRef] [PubMed]

46. Lagier, J.-C.; Edouard, S.; Pagnier, I.; Mediannikov, O.; Drancourt, M.; Raoult, D. Current and past strategies for bacterial culture
in clinical microbiology. Clin. Microbiol. Rev. 2015, 28, 208–236. [CrossRef] [PubMed]

47. Naud, S.; Khelaifia, S.; Mbogning Fonkou, M.D.; Dione, N.; Lagier, J.-C.; Raoult, D. Proof of Concept of Culturomics Use of Time
of Care. Front. Cell. Infect. Microbiol. 2020, 10, 524769. [CrossRef]

48. Lagier, J.C.; Armougom, F.; Million, M.; Hugon, P.; Pagnier, I.; Robert, C.; Bittar, F.; Fournous, G.; Gimenez, G.;
Maraninchi, M.; et al. Microbial culturomics: Paradigm shift in the human gut microbiome study. Clin. Microbiol. Infect. 2012, 18,
1185–1193. [CrossRef]

49. Seng, P.; Abat, C.; Rolain, J.M.; Colson, P.; Lagier, J.C.; Gouriet, F.; Fournier, P.E.; Drancourt, M.; La Scola, B.; Raoult, D.
Identification of rare pathogenic bacteria in a clinical microbiology laboratory: Impact of matrix-assisted laser desorption
ionization-time of flight mass spectrometry. J. Clin. Microbiol. 2013, 51, 2182–2194. [CrossRef]

50. Seng, P.; Drancourt, M.; Gouriet, F.; La Scola, B.; Fournier, P.-E.; Rolain, J.M.; Raoult, D. Ongoing revolution in bacteriology:
Routine identification of bacteria by matrix-assisted laser desorption ionization time-of-flight mass spectrometry. Clin. Infect. Dis.
2009, 49, 543–551. [CrossRef]

51. Kim, M.; Oh, H.-S.; Park, S.-C.; Chun, J. Towards a taxonomic coherence between average nucleotide identity and 16S rRNA gene
sequence similarity for species demarcation of prokaryotes. Int. J. Syst. Evol. Microbiol. 2014, 64, 346–351. [CrossRef] [PubMed]

52. Fournier, P.-E.; Lagier, J.-C.; Dubourg, G.; Raoult, D. From culturomics to taxonomogenomics: A need to change the taxonomy of
prokaryotes in clinical microbiology. Anaerobe 2015, 36, 73–78. [CrossRef] [PubMed]

53. Diakite, A.; Dubourg, G.; Raoult, D. Updating the repertoire of cultured bacteria from the human being. Microb. Pathog. 2021,
150, 104698. [CrossRef] [PubMed]

54. Angelakis, E.; Bachar, D.; Henrissat, B.; Armougom, F.; Audoly, G.; Lagier, J.C.; Robert, C.; Raoult, D. Glycans affect DNA
extraction and induce substantial differences in gut metagenomic studies. Sci. Rep. 2016, 6, 26276. [CrossRef] [PubMed]

55. Dhariwal, A.; Chong, J.; Habib, S.; King, I.L.; Agellon, L.B.; Xia, J. MicrobiomeAnalyst: A web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data. Nucleic Acids Res. 2017, 45, W180–W188. [CrossRef] [PubMed]

56. Lang, J.M.; Eisen, J.A.; Zivkovic, A.M. The microbes we eat: Abundance and taxonomy of microbes consumed in a day’s worth of
meals for three diet types. PeerJ 2014, 2, e659. [CrossRef] [PubMed]

57. Maukonen, J.; Saarela, M. Human gut microbiota: Does diet matter? Proc. Nutr. Soc. 2015, 74, 23–36. [CrossRef] [PubMed]
58. Dubourg, G.; Lagier, J.C.; Armougom, F.; Robert, C.; Hamad, I.; Brouqui, P.; Raoult, D. The gut microbiota of a patient with

resistant tuberculosis is more comprehensively studied by culturomics than by metagenomics. Eur. J. Clin. Microbiol. Infect. Dis.
2013, 32, 637–645. [CrossRef]

https://doi.org/10.1078/072320203322337353
https://www.ncbi.nlm.nih.gov/pubmed/12747414
https://doi.org/10.1016/j.vaccine.2013.04.018
https://www.ncbi.nlm.nih.gov/pubmed/23602537
https://doi.org/10.1128/JCM.00116-06
https://www.ncbi.nlm.nih.gov/pubmed/16825358
https://doi.org/10.1086/341914
https://www.ncbi.nlm.nih.gov/pubmed/12173102
https://doi.org/10.1080/19490976.2021.1888673
https://www.ncbi.nlm.nih.gov/pubmed/33651661
https://doi.org/10.1016/j.carres.2023.108805
https://www.ncbi.nlm.nih.gov/pubmed/37023666
https://doi.org/10.1016/j.syapm.2005.11.001
https://doi.org/10.1016/j.alcohol.2009.11.003
https://doi.org/10.1097/EDE.0b013e3181577654
https://www.ncbi.nlm.nih.gov/pubmed/18049194
https://doi.org/10.1001/jama.2013.281053
https://www.ncbi.nlm.nih.gov/pubmed/24141714
https://doi.org/10.1111/j.1467-9531.2011.01243.x
https://www.ncbi.nlm.nih.gov/pubmed/35095124
https://doi.org/10.1016/j.jhep.2012.02.010
https://www.ncbi.nlm.nih.gov/pubmed/22436845
https://doi.org/10.3389/fnut.2019.00047
https://www.ncbi.nlm.nih.gov/pubmed/31058160
https://doi.org/10.1128/CMR.00110-14
https://www.ncbi.nlm.nih.gov/pubmed/25567228
https://doi.org/10.3389/fcimb.2020.524769
https://doi.org/10.1111/1469-0691.12023
https://doi.org/10.1128/JCM.00492-13
https://doi.org/10.1086/600885
https://doi.org/10.1099/ijs.0.059774-0
https://www.ncbi.nlm.nih.gov/pubmed/24505072
https://doi.org/10.1016/j.anaerobe.2015.10.011
https://www.ncbi.nlm.nih.gov/pubmed/26514403
https://doi.org/10.1016/j.micpath.2020.104698
https://www.ncbi.nlm.nih.gov/pubmed/33347961
https://doi.org/10.1038/srep26276
https://www.ncbi.nlm.nih.gov/pubmed/27188959
https://doi.org/10.1093/nar/gkx295
https://www.ncbi.nlm.nih.gov/pubmed/28449106
https://doi.org/10.7717/peerj.659
https://www.ncbi.nlm.nih.gov/pubmed/25538865
https://doi.org/10.1017/S0029665114000688
https://www.ncbi.nlm.nih.gov/pubmed/25156389
https://doi.org/10.1007/s10096-012-1787-3


Microorganisms 2023, 11, 2437 20 of 22

59. Bellali, S.; Bou Khalil, J.; Fontanini, A.; Raoult, D.; Lagier, J.-C. A new protectant medium preserving bacterial viability after freeze
drying. Microbiol Res. 2020, 236, 126454. [CrossRef]

60. Dubourg, G.; Lagier, J.C.; Robert, C.; Armougom, F.; Hugon, P.; Metidji, S.; Dione, N.; Dangui, N.P.; Pfleiderer, A.; Abrahao, J.; et al.
Culturomics and pyrosequencing evidence of the reduction in gut microbiota diversity in patients with broad-spectrum antibiotics.
Int. J. Antimicrob. Agents 2014, 44, 117–124. [CrossRef]

61. Lagier, J.C.; Hugon, P.; Khelaifia, S.; Fournier, P.E.; La Scola, B.; Raoult, D. The Rebirth of Culture in Microbiology through the
Example of Culturomics to Study Human Gut Microbiota. Clin. Microbiol. Rev. 2015, 28, 237–264. [CrossRef] [PubMed]

62. Lagkouvardos, I.; Pukall, R.; Abt, B.; Foesel, B.U.; Meier-Kolthoff, J.P.; Kumar, N.; Bresciani, A.; Martínez, I.; Just, S.;
Ziegler, C.; et al. The Mouse Intestinal Bacterial Collection (miBC) provides host-specific insight into cultured diversity and
functional potential of the gut microbiota. Nat. Microbiol. 2016, 1, 16131. [CrossRef] [PubMed]

63. Yeation, W.H.; Langenbrunner, J.C.; Smyth, J.M.; Wortman, P.M. Exploratory Research Synthesis: Methodological Considerations
for Addressing Limitations in Data Quality. Eval. Health Prof. 1995, 18, 283–303. [CrossRef] [PubMed]

64. Jones, S.R.; Carley, S.; Harrison, M. An introduction to power and sample size estimation. Emerg. Med. J. 2003, 20, 453–458.
[CrossRef] [PubMed]

65. Joo, E.-J.; Cheong, H.S.; Kwon, M.-J.; Sohn, W.; Kim, H.-N.; Cho, Y.K. Relationship between gut microbiome diversity and
hepatitis B viral load in patients with chronic hepatitis B. Gut Pathogens 2021, 13, 65. [CrossRef] [PubMed]

66. Zheng, R.; Wang, G.; Pang, Z.; Ran, N.; Gu, Y.; Guan, X.; Yuan, Y.; Zuo, X.; Pan, H.; Zheng, J.; et al. Liver cirrhosis contributes to
the disorder of gut microbiota in patients with hepatocellular carcinoma. Cancer Med. 2020, 9, 4232–4250. [CrossRef] [PubMed]

67. Salvetti, E.; Felis, G.E.; Dellaglio, F.; Castioni, A.; Torriani, S.; Lawson, P.A. Reclassification of Lactobacillus catenaformis (Eggerth
1935) Moore and Holdeman 1970 and Lactobacillus vitulinus Sharpe et al. 1973 as Eggerthia catenaformis gen. nov.; comb. nov. and
Kandleria vitulina gen. nov.; comb. nov.; respectively. Int. J. Syst. Evol. Microbiol. 2011, 61, 2520–2524. [CrossRef] [PubMed]

68. Katayama, T.; Nobu, M.K.; Kusada, H.; Meng, X.Y.; Hosogi, N.; Uematsu, K.; Yoshioka, H.; Kamagata, Y.; Tamaki, H. Isolation
of a member of the candidate phylum ‘Atribacteria’ reveals a unique cell membrane structure. Nat. Commun. 2020, 11, 6381.
[CrossRef]

69. Burckhardt, J.C.; Chong, D.H.Y.; Pett, N.; Tropini, C. Gut commensal Enterocloster species host inoviruses that are secreted in vitro
and in vivo. Microbiome 2023, 11, 65. [CrossRef]

70. Ilyina, T.S. Filamentous bacteriophages and their role in the virulence and evolution of pathogenic bacteria. Mol. Genet. Microbiol.
Virol. 2015, 30, 1–9. [CrossRef]

71. Hay, I.D.; Lithgow, T. Filamentous phages: Masters of a microbial sharing economy. EMBO Rep. 2019, 20, e47427. [CrossRef]
[PubMed]

72. Williams, O.M.; Brazier, J.; Peraino, V.; Goldstein, E.J.C. A review of three cases of Clostridium aldenense bacteremia. Anaerobe
2010, 16, 475–477. [CrossRef] [PubMed]

73. Leal, J.; Gregson, D.B.; Ross, T.; Church, D.L.; Laupland, K.B. Epidemiology of Clostridium species bacteremia in Calgary, Canada,
2000-2006. J. Infect. 2008, 57, 198–203. [CrossRef] [PubMed]

74. Karlsson, F.H.; Tremaroli, V.; Nookaew, I.; Bergström, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Bäckhed, F. Gut metagenome in
European women with normal, impaired and diabetic glucose control. Nature 2013, 498, 99–103. [CrossRef] [PubMed]

75. Tidjani Alou, M.; Lagier, J.-C.; Raoult, D. Diet influence on the gut microbiota and dysbiosis related to nutritional disorders.
Hum. Microbiome J. 2016, 1, 3–11. [CrossRef]

76. Song, Y.; Liu, C.; Finegold, S.M. Real-Time PCR Quantitation of Clostridia in Feces of Autistic Children. Appl. Environ. Microbiol.
2004, 70, 6459–6465. [CrossRef] [PubMed]

77. Cox, L.M.; Maghzi, A.H.; Liu, S.; Tankou, S.K.; Dhang, F.H.; Willocq, V.; Song, A.; Wasén, C.; Tauhid, S.; Chu, R.; et al. The Gut
Microbiome in Progressive Multiple Sclerosis. Ann. Neurol. 2021, 89, 1195–1211. [CrossRef] [PubMed]

78. Pandit, L.; Cox, L.M.; Malli, C.; D’Cunha, A.; Rooney, T.; Lokhande, H.; Willocq, V.; Saxena, S.; Chitnis, T. Clostridium bolteae is
elevated in neuromyelitis optica spectrum disorder in India and shares sequence similarity with AQP4. Neurol. Neuroimmunol.
Neuroinflamm. 2021, 8, e907. [CrossRef]

79. Guzior, D.V.; Quinn, R.A. Review: Microbial transformations of human bile acids. Microbiome 2021, 9, 140. [CrossRef]
80. Takei, H.; Narushima, S.; Suzuki, M.; Kakiyama, G.; Sasaki, T.; Murai, T.; Yamashiro, Y.; Nittono, H. Characterization of long-chain

fatty acid-linked bile acids: A major conjugation form of 3β-hydroxy bile acids in feces. J. Lipid Res. 2022, 63, 100275. [CrossRef]
81. He, S.; Xiong, Q.; Tian, C.; Li, L.; Zhao, J.; Lin, X.; Guo, X.; He, Y.; Liang, W.; Zuo, X.; et al. Inulin-type prebiotics reduce serum

uric acid levels via gut microbiota modulation: A randomized, controlled crossover trial in peritoneal dialysis patients. Eur. J.
Nutr. 2022, 61, 665–677. [CrossRef] [PubMed]

82. Yacoub, R.; Nugent, M.; Cai, W.; Nadkarni, G.N.; Chaves, L.D.; Abyad, S.; Honan, A.M.; Thomas, S.A.; Zheng, W.; Valiyaparambil,
S.A.; et al. Advanced glycation end products dietary restriction effects on bacterial gut microbiota in peritoneal dialysis patients;
a randomized open label controlled trial. PLoS ONE 2017, 12, e0184789. [CrossRef] [PubMed]

83. Skerman, V.B.D.; Mcgowanvicki Sneath, P.H.A.Y. Approved Lists of Bacterial Names. Int. J. Syst. Evol. Microbiol. 1980, 30, 225–420.
[CrossRef]

84. Li, J.; Adams, V.; Bannam, T.L.; Miyamoto, K.; Garcia, J.P.; Uzal, F.A.; Rood, J.I.; McClane, B.A. Toxin plasmids of Clostridium
perfringens. Microbiol. Mol. Biol. Rev. 2013, 77, 208–233. [CrossRef] [PubMed]

https://doi.org/10.1016/j.micres.2020.126454
https://doi.org/10.1016/j.ijantimicag.2014.04.020
https://doi.org/10.1128/CMR.00014-14
https://www.ncbi.nlm.nih.gov/pubmed/25567229
https://doi.org/10.1038/nmicrobiol.2016.131
https://www.ncbi.nlm.nih.gov/pubmed/27670113
https://doi.org/10.1177/016327879501800304
https://www.ncbi.nlm.nih.gov/pubmed/10145079
https://doi.org/10.1136/emj.20.5.453
https://www.ncbi.nlm.nih.gov/pubmed/12954688
https://doi.org/10.1186/s13099-021-00461-1
https://www.ncbi.nlm.nih.gov/pubmed/34717727
https://doi.org/10.1002/cam4.3045
https://www.ncbi.nlm.nih.gov/pubmed/32281295
https://doi.org/10.1099/ijs.0.029231-0
https://www.ncbi.nlm.nih.gov/pubmed/21112984
https://doi.org/10.1038/s41467-020-20149-5
https://doi.org/10.1186/s40168-023-01496-z
https://doi.org/10.3103/S0891416815010036
https://doi.org/10.15252/embr.201847427
https://www.ncbi.nlm.nih.gov/pubmed/30952693
https://doi.org/10.1016/j.anaerobe.2010.08.004
https://www.ncbi.nlm.nih.gov/pubmed/20800690
https://doi.org/10.1016/j.jinf.2008.06.018
https://www.ncbi.nlm.nih.gov/pubmed/18672296
https://doi.org/10.1038/nature12198
https://www.ncbi.nlm.nih.gov/pubmed/23719380
https://doi.org/10.1016/j.humic.2016.09.001
https://doi.org/10.1128/AEM.70.11.6459-6465.2004
https://www.ncbi.nlm.nih.gov/pubmed/15528506
https://doi.org/10.1002/ana.26084
https://www.ncbi.nlm.nih.gov/pubmed/33876477
https://doi.org/10.1212/NXI.0000000000000907
https://doi.org/10.1186/s40168-021-01101-1
https://doi.org/10.1016/j.jlr.2022.100275
https://doi.org/10.1007/s00394-021-02669-y
https://www.ncbi.nlm.nih.gov/pubmed/34491388
https://doi.org/10.1371/journal.pone.0184789
https://www.ncbi.nlm.nih.gov/pubmed/28931089
https://doi.org/10.1099/00207713-30-1-225
https://doi.org/10.1128/MMBR.00062-12
https://www.ncbi.nlm.nih.gov/pubmed/23699255


Microorganisms 2023, 11, 2437 21 of 22

85. Chen, Y.M.; Lee, H.C.; Chang, C.; Chuang, Y.; Ko, W. Clostridium bacteremia: Emphasis on the poor prognosis in cirrhotic patients.
J. Microbiol. Immunol. Infect. = Wei Mian Yu Gan Ran Za Zhi 2001, 34, 113–118. [PubMed]

86. Cherny, K.E.; Muscat, E.B.; Reyna, M.E.; Kociolek, L.K. Clostridium innocuum: Microbiological and Clinical Characteristics of a
Potential Emerging Pathogen. Anaerobe 2021, 71, 102418. [CrossRef] [PubMed]

87. Wikoff, W.; Anfora, A.; Liu, J. Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites.
Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [CrossRef] [PubMed]

88. Li, Y.N.; Kang, N.L.; Jiang, J.J.; Zhu, Y.Y.; Liu, Y.R.; Zeng, D.W.; Wang, F. Gut microbiota of hepatitis B virus-infected patients in
the immune-tolerant and immune-active phases and their implications in metabolite changes. World J. Gastroenterol. 2022, 28,
5188–5202. [CrossRef]

89. Wang, K.; Zhang, Z.; Mo, Z.S.; Yang, X.H.; Lin, B.L.; Peng, L.; Xu, Y.; Lei, C.Y.; Zhuang, X.D.; Lu, L.; et al. Gut microbiota as
prognosis markers for patients with HBV-related acute-on-chronic liver failure. Gut Microbes 2021, 13, 1921925. [CrossRef]

90. Zhu, L.; Baker, S.S.; Gill, C.; Liu, W.; Alkhouri, R.; Baker, R.D.; Gill, S.R. Characterization of gut microbiomes in nonalcoholic
steatohepatitis (NASH) patients: A connection between endogenous alcohol and NASH. Hepatology 2013, 57, 601–609. [CrossRef]

91. Dehoux, P.; Marvaud, J.C.; Abouelleil, A.; Earl, A.M.; Lambert, T.; Dauga, C. Comparative genomics of Clostridium bolteae and
Clostridium clostridioforme reveals species-specific genomic properties and numerous putative antibiotic resistance determinants.
BMC Genom. 2016, 17, 819. [CrossRef] [PubMed]

92. Liu, J.-E.; Zhang, Y.; Zhang, J.; Dong, P.-L.; Chen, M.; Duan, Z.-P. Probiotic yogurt effects on intestinal flora of patients with
chronic liver disease. Nurs. Res. 2010, 59, 426–432. [CrossRef] [PubMed]

93. Shukla, S.; Shukla, A.; Mehboob, S.; Guha, S. Meta-analysis: The effects of gut flora modulation using prebiotics, probiotics and
synbiotics on minimal hepatic encephalopathy. Aliment. Pharmacol. Ther. 2011, 33, 662–671. [CrossRef] [PubMed]

94. Paratore, M.; Santopaolo, F.; Cammarota, G.; Pompili, M.; Gasbarrini, A.; Ponziani, F.R. Fecal Microbiota Transplantation in
Patients with HBV Infection or Other Chronic Liver Diseases: Update on Current Knowledge and Future Perspectives. J. Clin.
Med. 2021, 10, 2605. [CrossRef] [PubMed]

95. Bajaj, J.S.; Kakiyama, G.; Savidge, T.; Takei, H.; Kassam, Z.A.; Fagan, A.; Gavis, E.A.; Pandak, W.M.; Nittono, H.; Hylemon, P.B.;
et al. Antibiotic-Associated Disruption of Microbiota Composition and Function in Cirrhosis Is Restored by Fecal Transplant.
Hepatology 2018, 68, 1549–1558. [CrossRef] [PubMed]

96. Khoruts, A.; Sadowsky, M.J.; Hamilton, M.J. Development of Fecal Microbiota Transplantation Suitable for Mainstream Medicine.
Clin. Gastroenterol. Hepatol. 2015, 13, 246–250. [CrossRef] [PubMed]

97. Grosu-Tudor, S.-S.; Stancu, M.-M.; Pelinescu, D.; Zamfir, M. Characterization of some bacteriocins produced by lactic acid bacteria
isolated from fermented foods. World J. Microbiol. Biotechnol. 2014, 30, 2459–2469. [CrossRef] [PubMed]

98. El-Nezami, H.S.; Polychronaki, N.N.; Ma, J.; Zhu, H.; Ling, W.; Salminen, E.K.; Juvonen, R.O.; Salminen, S.J.; Poussa, T.; Mykkänen,
H.M. Probiotic supplementation reduces a biomarker for increased risk of liver cancer in young men from Southern China. Am. J.
Clin. Nutr. 2006, 83, 1199–1203. [CrossRef]

99. Hillman, J.D.; McDonell, E.; Hillman, C.H.; Zahradnik, R.T.; Soni, M.G. Safety assessment of ProBiora3, a probiotic mouthwash:
Subchronic toxicity study in rats. Int. J. Toxicol. 2009, 28, 357–367. [CrossRef]

100. Mbaye, B.; Borentain, P.; Magdy Wasfy, R.; Alou, M.T.; Armstrong, N.; Mottola, G.; Meddeb, L.; Ranque, S.; Gérolami, R.; Million,
M.; et al. Endogenous Ethanol and Triglyceride Production by Gut Pichia kudriavzevii, Candida albicans and Candida glabrata Yeasts
in Non-Alcoholic Steatohepatitis. Cells 2022, 11, 3390. [CrossRef]

101. Million, M.; Armstrong, N.; Khelaifia, S.; Guilhot, E.; Richez, M.; Lagier, J.C.; Dubourg, G.; Chabriere, E.; Raoult, D. The
Antioxidants Glutathione, Ascorbic Acid and Uric Acid Maintain Butyrate Production by Human Gut Clostridia in The Presence
of Oxygen In Vitro. Sci. Rep. 2020, 10, 7705. [CrossRef] [PubMed]

102. Borges, S.; Silva, J.; Teixeira, P. The Role of Lactobacilli and Probiotics in Maintaining Vaginal Health. Arch. Gynecol. Obstet. 2014,
289, 479–489. [CrossRef] [PubMed]

103. Uchida, M.; Mogami, O.; Matsueda, K. Characteristic of Milk Whey Culture with Propionibacterium Freudenreichii ET-3 and Its
Application to the Inflammatory Bowel Disease Therapy. Inflammopharmacology 2007, 15, 105–108. [CrossRef] [PubMed]

104. Campaniello, D.; Bevilacqua, A.; Sinigaglia, M.; Altieri, C. Screening of Propionibacterium Spp. for Potential Probiotic Properties.
Anaerobe 2015, 34, 169–173. [CrossRef] [PubMed]

105. Quesada-Chanto, A.; Schmid-Meyer, A.C.; Schroeder, A.G.; Carvalho-Jonas, M.F.; Blanco, I.; Jonas, R. Effect of Oxygen Supply on
Biomass, Organic Acids and Vitamin B12 Production by Propionibacterium Shermanii. World J. Microbiol. Biotechnol. 1998, 14,
843–846. [CrossRef]

106. Chan, P.L.; Lauw, S.; Ma, K.L.; Kei, N.; Ma, K.L.; Wong, Y.O.; Lam, H.Y.; Ting, Y.Y.; Yau, T.K.; Nong, W.; et al. ProBioQuest:
A Database and Semantic Analysis Engine for Literature, Clinical Trials and Patents Related to Probiotics. Database 2022,
2022, baac059. [CrossRef] [PubMed]

107. Reents, R.; Dekkers, J.C.; Schaeffer, L.R. Genetic Evaluation for Somatic Cell Score with a Test Day Model for Multiple Lactations.
J. Dairy Sci. 1995, 78, 2858–2870. [CrossRef]

108. Kajander, K.; Hatakka, K.; Poussa, T.; Färkkilä, M.; Korpela, R. A Probiotic Mixture Alleviates Symptoms in Irritable Bowel
Syndrome Patients: A Controlled 6-Month Intervention. Aliment. Pharmacol. Ther. 2005, 22, 387–394. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/11456356
https://doi.org/10.1016/j.anaerobe.2021.102418
https://www.ncbi.nlm.nih.gov/pubmed/34332070
https://doi.org/10.1073/pnas.0812874106
https://www.ncbi.nlm.nih.gov/pubmed/19234110
https://doi.org/10.3748/wjg.v28.i35.5188
https://doi.org/10.1080/19490976.2021.1921925
https://doi.org/10.1002/hep.26093
https://doi.org/10.1186/s12864-016-3152-x
https://www.ncbi.nlm.nih.gov/pubmed/27769168
https://doi.org/10.1097/NNR.0b013e3181fa4dc6
https://www.ncbi.nlm.nih.gov/pubmed/21048484
https://doi.org/10.1111/j.1365-2036.2010.04574.x
https://www.ncbi.nlm.nih.gov/pubmed/21251030
https://doi.org/10.3390/jcm10122605
https://www.ncbi.nlm.nih.gov/pubmed/34204748
https://doi.org/10.1002/hep.30037
https://www.ncbi.nlm.nih.gov/pubmed/29665102
https://doi.org/10.1016/j.cgh.2014.11.014
https://www.ncbi.nlm.nih.gov/pubmed/25460566
https://doi.org/10.1007/s11274-014-1671-7
https://www.ncbi.nlm.nih.gov/pubmed/24849010
https://doi.org/10.1093/ajcn/83.5.1199
https://doi.org/10.1177/1091581809340705
https://doi.org/10.3390/cells11213390
https://doi.org/10.1038/s41598-020-64834-3
https://www.ncbi.nlm.nih.gov/pubmed/32382092
https://doi.org/10.1007/s00404-013-3064-9
https://www.ncbi.nlm.nih.gov/pubmed/24170161
https://doi.org/10.1007/s10787-007-1557-5
https://www.ncbi.nlm.nih.gov/pubmed/19847949
https://doi.org/10.1016/j.anaerobe.2015.06.003
https://www.ncbi.nlm.nih.gov/pubmed/26079323
https://doi.org/10.1023/A:1008868907251
https://doi.org/10.1093/database/baac059
https://www.ncbi.nlm.nih.gov/pubmed/35849028
https://doi.org/10.3168/jds.S0022-0302(95)76916-8
https://doi.org/10.1111/j.1365-2036.2005.02579.x


Microorganisms 2023, 11, 2437 22 of 22

109. Myllyluoma, E.; Veijola, L.; Ahlroos, T.; Tynkkynen, S.; Kankuri, E.; Vapaatalo, H.; Rautelin, H.; Korpela, R. Probiotic Supplemen-
tation Improves Tolerance to Helicobacter Pylori Eradication Therapy--a Placebo-Controlled, Double-Blind Randomized Pilot
Study. Aliment. Pharmacol. Ther. 2005, 21, 1263–1272. [CrossRef]

110. Hatakka, K.; Holma, R.; El-Nezami, H.; Suomalainen, T.; Kuisma, M.; Saxelin, M.; Poussa, T.; Mykkänen, H.; Korpela, R.
The Influence of Lactobacillus rhamnosus LC705 Together with Propionibacterium freudenreichii ssp. shermanii JS on Potentially
Carcinogenic Bacterial Activity in Human Colon. Int. J. Food Microbiol. 2008, 128, 406–410. [CrossRef]

111. Kukkonen, K.; Savilahti, E.; Haahtela, T.; Juntunen-Backman, K.; Korpela, R.; Poussa, T.; Tuure, T.; Kuitunen, M. Probiotics and
Prebiotic Galacto-Oligosaccharides in the Prevention of Allergic Diseases: A Randomized, Double-Blind, Placebo-Controlled
Trial. J. Allergy Clin. Immunol. 2007, 119, 192–198. [CrossRef] [PubMed]

112. Lu, H.; Wu, Z.; Xu, W.; Yang, J.; Chen, Y.; Li, L. Intestinal Microbiota Was Assessed in Cirrhotic Patients with Hepatitis B Virus
Infection. Intestinal Microbiota of HBV Cirrhotic Patients. Microb. Ecol. 2011, 61, 693–703. [CrossRef] [PubMed]

113. Deng, Y.-D.; Peng, X.-B.; Zhao, R.-R.; Ma, C.-Q.; Li, J.-N.; Yao, L.-Q. The Intestinal Microbial Community Dissimilarity in Hepatitis
B Virus-Related Liver Cirrhosis Patients with and without at Alcohol Consumption. Gut Pathog. 2019, 11, 58. [CrossRef] [PubMed]

114. Yun, Y.; Chang, Y.; Kim, H.-N.; Ryu, S.; Kwon, M.-J.; Cho, Y.K.; Kim, H.-L.; Cheong, H.S.; Joo, E.-J. Alterations of the Gut
Microbiome in Chronic Hepatitis B Virus Infection Associated with Alanine Aminotransferase Level. J. Clin. Med. 2019, 8, E173.
[CrossRef] [PubMed]

115. Xu, M.; Wang, B.; Fu, Y.; Chen, Y.; Yang, F.; Lu, H.; Chen, Y.; Xu, J.; Li, L. Changes of Fecal Bifidobacterium Species in Adult
Patients with Hepatitis B Virus-Induced Chronic Liver Disease. Microb. Ecol. 2012, 63, 304–313. [CrossRef] [PubMed]

116. Wang, J.; Wang, Y.; Zhang, X.; Liu, J.; Zhang, Q.; Zhao, Y.; Peng, J.; Feng, Q.; Dai, J.; Sun, S.; et al. Gut Microbial Dysbiosis Is
Associated with Altered Hepatic Functions and Serum Metabolites in Chronic Hepatitis B Patients. Front. Microbiol. 2017, 8, 2222.
[CrossRef] [PubMed]

117. Wu, Z.-W.; Lu, H.-F.; Wu, J.; Zuo, J.; Chen, P.; Sheng, J.-F.; Zheng, S.-S.; Li, L.-J. Assessment of the Fecal Lactobacilli Population
in Patients with Hepatitis B Virus-Related Decompensated Cirrhosis and Hepatitis B Cirrhosis Treated with Liver Transplant.
Microb. Ecol. 2012, 63, 929–937. [CrossRef] [PubMed]

118. Liu, Q.; Li, F.; Zhuang, Y.; Xu, J.; Wang, J.; Mao, X.; Zhang, Y.; Liu, X. Alteration in Gut Microbiota Associated with Hepatitis B
and Non-Hepatitis Virus Related Hepatocellular Carcinoma. Gut Pathog. 2019, 11, 1. [CrossRef]

119. Huang, H.; Ren, Z.; Gao, X.; Hu, X.; Zhou, Y.; Jiang, J.; Lu, H.; Yin, S.; Ji, J.; Zhou, L.; et al. Integrated Analysis of Microbiome
and Host Transcriptome Reveals Correlations between Gut Microbiota and Clinical Outcomes in HBV-Related Hepatocellular
Carcinoma. Genome Med. 2020, 12, 102. [CrossRef]

120. Shen, Y.; Wu, S.-D.; Chen, Y.; Li, X.-Y.; Zhu, Q.; Nakayama, K.; Zhang, W.-Q.; Weng, C.-Z.; Zhang, J.; Wang, H.-K.; et al. Alterations
in Gut Microbiome and Metabolomics in Chronic Hepatitis B Infection-Associated Liver Disease and Their Impact on Peripheral
Immune Response. Gut Microbes 2023, 15, 2155018. [CrossRef]

121. Zhang, H.; Wu, J.; Liu, Y.; Zeng, Y.; Jiang, Z.; Yan, H.; Lin, J.; Zhou, W.; Ou, Q.; Ao, L. Identification Reproducible Microbiota
Biomarkers for the Diagnosis of Cirrhosis and Hepatocellular Carcinoma. AMB Express 2023, 13, 35. [CrossRef] [PubMed]

122. Shu, W.; Shanjian, C.; Jinpiao, L.; Qishui, O. Gut Microbiota Dysbiosis in Patients with Hepatitis B Virus-Related Cirrhosis. Ann.
Hepatol. 2022, 27, 100676. [CrossRef] [PubMed]

123. Yan, F.; Zhang, Q.; Shi, K.; Zhang, Y.; Zhu, B.; Bi, Y.; Wang, X. Gut Microbiota Dysbiosis with Hepatitis B Virus Liver Disease and
Association with Immune Response. Front. Cell. Infect. Microbiol. 2023, 13. [CrossRef] [PubMed]

124. Yao, X.; Yu, H.; Fan, G.; Xiang, H.-P.; Long, L.; Xu, H.; Wu, Z.; Chen, M.; Xi, W.; Gao, Z.; et al. Impact of the Gut Microbiome
on the Progression of Hepatitis B Virus Related Acute-on-Chronic Liver Failure. Front. Cell. Infect. Microbiol. 2021, 11, 573923.
[CrossRef] [PubMed]

125. Li, R.; Yi, X.; Yang, J.; Zhu, Z.; Wang, Y.; Liu, X.; Huang, X.; Wan, Y.; Fu, X.; Shu, W.; et al. Gut Microbiome Signatures in the
Progression of Hepatitis B Virus-Induced Liver Disease. Front. Microbiol. 2022, 13, 916061. [CrossRef] [PubMed]

126. Lin, M.-J.; Su, T.-H.; Chen, C.-C.; Wu, W.-K.; Hsu, S.-J.; Tseng, T.-C.; Liao, S.-H.; Hong, C.-M.; Yang, H.-C.; Liu, C.-J.; et al. Diversity
and Composition of Gut Microbiota in Healthy Individuals and Patients at Different Stages of Hepatitis B Virus-Related Liver
Disease. Gut Pathog. 2023, 15, 24. [CrossRef] [PubMed]

127. Thorat, V.; Kirdat, K.; Tiwarekar, B.; Dhanavade, P.; Karodi, P.; Shouche, Y.; Sathe, S.; Lodha, T.; Yadav, A. Paenibacillus albicereus
sp. nov. and Niallia alba sp. nov., Isolated from Digestive Syrup. Arch. Microbiol. 2022, 204, 127. [CrossRef]

128. Magdy Wasfy, R.; Zoaiter, M.; Bilen, M.; Tidjani Alou, M.; Lo, C.I.; Bellali, S.; Caputo, A.; Alibar, S.; Andrieu, C.; Raoult, D.; et al.
Description of Agathobaculum massiliense sp. nov., a New Bacterial Species Prevalent in the Human Gut and Predicted to Produce
Indole and Tryptophan Based on Genomic Analysis. Antonie Van Leeuwenhoek 2023, 116, 541–555. [CrossRef]

129. Liu, C.; Du, M.-X.; Abuduaini, R.; Yu, H.-Y.; Li, D.-H.; Wang, Y.-J.; Zhou, N.; Jiang, M.-Z.; Niu, P.-X.; Han, S.-S.; et al. Enlightening
the Taxonomy Darkness of Human Gut Microbiomes with a Cultured Biobank. Microbiome 2021, 9, 119. [CrossRef]

130. Molinero, N.; Conti, E.; Sánchez, B.; Walker, A.W.; Margolles, A.; Duncan, S.H.; Delgado, S. Ruminococcoides bili gen. nov., sp. nov.,
a Bile-Resistant Bacterium from Human Bile with Autolytic Behavior. Int. J. Syst. Evol. Microbiol. 2021, 71, 004960. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1365-2036.2005.02448.x
https://doi.org/10.1016/j.ijfoodmicro.2008.09.010
https://doi.org/10.1016/j.jaci.2006.09.009
https://www.ncbi.nlm.nih.gov/pubmed/17208601
https://doi.org/10.1007/s00248-010-9801-8
https://www.ncbi.nlm.nih.gov/pubmed/21286703
https://doi.org/10.1186/s13099-019-0337-2
https://www.ncbi.nlm.nih.gov/pubmed/31788031
https://doi.org/10.3390/jcm8020173
https://www.ncbi.nlm.nih.gov/pubmed/30717396
https://doi.org/10.1007/s00248-011-9925-5
https://www.ncbi.nlm.nih.gov/pubmed/21814872
https://doi.org/10.3389/fmicb.2017.02222
https://www.ncbi.nlm.nih.gov/pubmed/29180991
https://doi.org/10.1007/s00248-011-9945-1
https://www.ncbi.nlm.nih.gov/pubmed/21965156
https://doi.org/10.1186/s13099-018-0281-6
https://doi.org/10.1186/s13073-020-00796-5
https://doi.org/10.1080/19490976.2022.2155018
https://doi.org/10.1186/s13568-023-01539-6
https://www.ncbi.nlm.nih.gov/pubmed/36943499
https://doi.org/10.1016/j.aohep.2022.100676
https://www.ncbi.nlm.nih.gov/pubmed/35093600
https://doi.org/10.3389/fcimb.2023.1152987
https://www.ncbi.nlm.nih.gov/pubmed/37201112
https://doi.org/10.3389/fcimb.2021.573923
https://www.ncbi.nlm.nih.gov/pubmed/33889550
https://doi.org/10.3389/fmicb.2022.916061
https://www.ncbi.nlm.nih.gov/pubmed/35733959
https://doi.org/10.1186/s13099-023-00549-w
https://www.ncbi.nlm.nih.gov/pubmed/37218009
https://doi.org/10.1007/s00203-021-02749-x
https://doi.org/10.1007/s10482-023-01824-1
https://doi.org/10.1186/s40168-021-01064-3
https://doi.org/10.1099/ijsem.0.004960

	Introduction 
	Material and Methods 
	Study Design 
	Study Population 
	High-Throughput Culturomics Approach 
	Method of 16S Ribosomal DNA Gene Amplification and Sequencing 
	Measurement of Ethanol Production by Strains Enriched in Chronic HBV Samples 
	Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Altered Diversity in Chronic HBV Samples by Culturomics 
	Diversity Assessed by Metagenomics 
	Missing Repertoire in Patients with Chronic HBV Infection 
	Ethanol Quantification Produced by Enterocloster Species 

	Discussion 
	References

