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Background: Non-alcoholic steatohepatitis (NASH) has become a major public
health issue as one of the leading causes of liver disease and transplantation
worldwide. The instrumental role of the gut microbiota is emerging but still under
investigation. Endogenous ethanol (EtOH) production by gut bacteria and yeasts
is an emerging putative mechanism. Microbial metagenomics and culture studies
targeting enterobacteria or yeasts have been reported, but no culturomics
studies have been conducted so far.

Aim: To assess fecal EtOH and other biochemical parameters, characterize
NASH-associated dysbiosis and identify EtOH-producing gut microbes
associated with the disease, fecal samples from 41 NASH patients and 24
controls were analyzed. High-performance liquid chromatography (HPLC) was
used for EtOH, glucose, total proteins, triglyceride and total cholesterol. Viable
bacteria were assessed with microbial culturomics. Microbial genetic material
was assessed using 16S metagenomics targeting the hypervariable V3V4 region.

Results: Fecal EtOH and glucose was elevated in the stools of NASH patients (p <
0.05) but not triglyceride, total cholesterol or proteins. In culturomics, EtOH-
producing Enterocloster bolteae and Limosilactobacillus fermentum were
enriched in NASH. V3V4 16S rRNA amplicon sequencing confirmed the
enrichment in EtOH-producing bacteria including L. fermentum,
Mediterraneibacter gnavus and Streptococcus mutans, species previously
associated with NASH and other dysbiosis-associated diseases. Strikingly, E.
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bolteae was identified only by culturomics. The well-known Lacticaseibacillus
casei was identified in controls but never isolated in patients with NASH (p <
0.05).

Conclusion: Elevated fecal EtOH and glucose is a feature of NASH. Several
different EtOH-producing gut bacteria may play an instrumental role in the
disease. Culturomics and metagenomics, two complementary methods, will be
critical to identify EtOH-producing bacteria for future diagnostic markers and
therapeutic targets for NASH. Suppression of EtOH-producing gut microbes and
L. casei administration are options to be tested in NASH treatment.

KEYWORDS

non-alcoholic steato-hepatitis, metabolic-associated fatty liver disease, endogenous
ethanol, gut microbiota, enterocloster bolteae, limosilactobacillus fermentum,

mediterraneribacter gnavus, streptococcus mutans

Introduction

Non-alcoholic fatty liver disease (NAFLD), including its most
severe form, non-alcoholic steatohepatitis (NASH), is becoming a
major public health issue (Younossi et al., 2016). In a recent meta-
analysis, the prevalence of NASH was estimated between 1.50% and
6.45% of the general population. Overall, mortality incidence rates
ranged from 11.77 (range 7.10-19.53) for NAFLD to 25.56 (range
6.29-103.80) per 1,000 person-years for NASH (Younossi et al,
2016). According to the 2018 Global Burden of Disease study, the
prevalence of NAFLD increases exponentially up to 25% worldwide
alongside metabolic syndrome and diabetes (Younossi et al., 2018)
and will soon be the leading cause of liver transplantation
worldwide (Haldar et al., 2019). Although viral hepatitis remains
the leading cause of mortality, NAFLD is the fastest-growing cause
of liver morbidity and mortality (Paik et al., 2020). For example,
age-standardized mortality rates are falling for HBV, HCV, and
ALD (alcohol liver disease), but this rate is rising for NAFLD (Paik
et al., 2020).

Dysbiosis of the gut microbiota has already been associated with
metabolic diseases including diabetes (Wu et al., 2023), obesity
(Million et al.,, 2012), dyslipidemia (Guo et al, 2022) but its
involvement in NAFLD and more specifically NASH is not
clearly established. Recent studies have shown using
metagenomics a dysbiotic profile in NASH patients characterized
by an increase in Proteobacteria at the phylum level (Zhu et al,
2013; Yuan et al., 2019), Lactobacillaceae (Meijnikman et al., 2022)
and Enterobacteriaceae (Zhu et al., 2013; Yuan et al.,, 2019) at the
family level, and Lactobacillus, Clostridium and Escherichia (Zhu
et al, 2013; Yuan et al,, 2019; Jin and Xu, 2023) at the genus level.

Abbreviations: NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic
steatohepatitis; CPR, Candidate Phyla Radiation; OUT, Operational

taxonomic units.
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Endogenous ethanol (EtOH) production by gut microbes has
recently (Zhu et al., 2013) been identified as one of the mechanisms
underlying the role of the gut microbiota in the pathogenesis of
NASH (Zhu et al,, 2013; Yuan et al,, 2019). Zhu et al. found high
concentrations of EtOH in the blood of NASH patients, confirmed
in patients’ stools by Yuan et al. (Zhu et al., 2013; Yuan et al., 2019).
Case-control studies have shown the involvement of specific
microorganisms in endogenous EtOH production, notably yeasts
of the Candida and Pichia genus (Mbaye et al., 2022) and bacteria
including Klebsiella pneumoniae, Limosilactobacillus fermentum
and Lactococcus lactis (Mbaye et al., 2023; Yuan et al., 2019).

The Clostridium genus, which was previously associated with
NASH (Zhu et al, 2013; Jin and Xu, 2023), has recently been
reclassified into several new genera including the Enterocloster
genus that consists of six species (Haas and Blanchard, 2020).
Enterocloster spp. have already been associated with diseases.
Enterocloster citroniae was associated with type 2 diabetes
(Ruuskanen et al., 2022), Enterocloster clostridioformis with fatty
liver (Ruuskanen et al., 2021) and Enterocloster bolteae with autism,
diabetes, and fatty liver (Ruuskanen et al., 2021; Frame et al., 2023).
Two species of this genus, E. bolteae and Enterocloster asparagiformis,
are known to produce EtOH in vitro (Mohan et al., 2006).

To date, no culturomics studies have been carried out to
characterize the microbiota of NASH patients. This untargeted
omics method remains essential and complementary to
metagenomics for exploring the microbiota. Indeed, this approach
yields different but complementary results for gut microbial profiling.
Indeed, it is a high throughput culture approach which is based on the
multiplication of culture conditions with a variation of physico-
chemical parameters such as culture media, atmosphere, and
temperature, combined with MALDI-TOF MS for identification of
the generated colonies. It thus allowed the isolation of over 300
previously unknown bacterial species in the human gut including
species that were considered uncultivable using conventional culture
methods (Lagier et al., 2016). This method is invaluable as only
culture-based approaches provides living bacterial strains from
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complex samples (Lagier et al., 2012a; Tidjani Alou et al., 2017) which
can be studied further and potentially be used as probiotics for
targeted bacteriotherapy (Cao et al, 2023; Song et al., 2023).

In this study, we assessed biochemical parameters specially
focusing on fecal EtOH concentration. Culturomics was used for
the first time to characterize the composition of the gut microbiota
of NASH patients compared with that of healthy controls. 16S
rRNA targeted amplicon sequencing was used as a complementary
method. Comparison between the two methods was performed,
expected to yield different but overlapping results, as previously
published (Lagier et al., 2012b).

Methods
Participants

We performed a case-control study comparing the fecal EtOH
and microbiota using culturomics and metagenomics methods.
Participants were recruited in the hepatology department where
they were monitored. Cases were diagnosed with NASH according
to recruitment criteria described in our previous study (Mbaye et al.,
2022) whereas controls were individuals with no diagnosed liver
disease. Stool collection occurred between January and June 2022. It
is noteworthy that no blood samples were collected for this study.
Exclusion criteria for both groups were antibiotics within the month
prior to sampling, excessive alcohol consumption (men > 30 g/d,
women > 20 g/d), steatosis-inducing drugs, and refusal of consent
by the participant. Participants were not instructed to fast or abstain
from drinking alcohol prior to submitting stool samples.

Ethical considerations

This study was conducted upon obtaining the approval of the
Local Ethics Committee and “Comite de Protection des Personnes”
(CPP: 21.04391.000046 - 21075). The informed and written consent
of each participant was collected in compliance with the Declaration
of Helsinki (World Medical Association., 2013).

Samples

As we previously showed that culturomics efficiently
discriminates cases from controls in another nutritional disease
(severe acute malnutrition (Pham et al., 2019)) and only highlights
viable bacteria (Bellali et al, 2019), we primarily focused on
culturomics results (14 NASH and 10 controls). Not all samples
could be analyzed by culturomics as it is a time-consuming method
compared to V3V4 16S rRNA amplicon sequencing (culturomics ~
6 weeks per sample with ~ 5,000 colonies per sample, V3V4 16S
rRNA sequencing ~ 1 week for 96 samples). Therefore, the number
of samples analyzed using culturomics simultaneously was limited
(a maximum of three samples due to the extensive workload) and
we aimed at analyzing at least one control for one or two cases
simultaneously. Thus, only the first 24 samples (14 NASH and 10
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controls) were analyzed using culturomics whereas all samples (41
NASH and 24 controls) were analyzed using V3V4 16S amplicon
sequencing simultaneously. No sample was common to our
previous studies (Mbaye et al., 2022; Mbaye et al., 2023) allowing
us to test reproducibility of our previous findings using different
methods (specific yeast and enterobacterial microbial culture were
used in our previous study but not untargeted culturomics).
Characteristics of the population in this study are described
in Table 1.

Measurement of fecal ethanol

For biochemical measurements, 0.05g of stool was suspended in
1.5 mL of high-performance liquid chromatography (HPLC) water

TABLE 1 Baseline characteristics.

Controls

(n = 24)

Demographic characteristics

Age: mean + SD 638 £7.6 64.2 £9.0
Female ratio (%) 14 (58%) 18 (44%)
Comorbidities
Alcohol consumption 8 (33%) 5 (12%)
EtOH intake < 20 g/j 8 (33%) 2 (5%)
EtOH intake > 20 gfj 0 (0%) 3 (7%)
Body Mass Index (kg/m?): mean + SD 26.0+ 2.5 30.0 £ 5.0
Normal weight (18.5 < BMI < 24.9) 12 4
Overweight (25.0 < BMI < 29.9) 11 21
Obesity 1 (4%) 16 (39%)
Moderate obesity (30.0 < BMI < 34.9) 1 10
Severe obesity (35.0 < BMI < 39.9) 0 5
Morbid obesity (BMI > 40) 0 1
Diabetes mellitus (%) 0 (0%) 24 (59%)
Hypertension (%) 4 (17%) 26 (63%)
Dyslipidemia (%) 0 (0%) 19 (46%)
Smoking (%) 0 (0%) 6 (15%)
Liver fibrosis stage
F1 0 (0%) 6 (15%)
F2 0 (0%) 6 (15%)
F3 0 (0%) 8 (19%)
F4 0 (0%) 17 (41%)
No information on fibrosis stage 0 (0%) 1 (2%)
Hepatocellular carcinoma 0 8 (19%)
Ascitis 0 3 (7%)

BMI, Body mass index; NASH, Nonalcoholic steatohepatitis; SD, standard deviation.
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in Eppendorf tubes. The tubes were homogenized and centrifuged
at 250 rpm for 15 to 20 minutes. ImL of the supernatant was
collected after filtration at 0.22 pm in freeze-drying tubes to
perform the measurement of biochemical parameters (EtOH,
glucose, triglycerides, total proteins and cholesterol) using the
Atellica® Solution Immunoassay and Clinical Chemistry Analyser
(Siemens Healthineers, Saint-Denis, France) according to the

manufacturer’s instructions.

Bacterial isolation using culturomics

Microbial culturomics was used to explore the bacterial
diversity of our stool samples generating a large number of
colonies due to the various culture conditions used which
identification is facilitated by the use of the MALDI-TOF MS
technology as explained below.

For that purpose, direct inoculation of the stool sample was
performed with 0.3 g of stool resuspended in 1 mL of 1x PBS. Ten
serial dilutions of this suspension were realized, and 50 pL of each
dilution was spread on 5% Columbia (COS) agar enriched with sheep
blood (bioMerieux Marcy I'Etoile, France) and modified YCFA (yeast
extract, casein hydrolysate, fatty acids) agar (https://www.dsmz.de/
microorganisms/medium/pdf/DSMZ_Medium1611.pdf). Inoculated
agar plates were incubated in aerobic and anaerobic atmospheres at
37°C for 48 hours.

Additionally, enrichments were made in liquid broths.
Anaerobic culture conditions consisted of 200 uL of each sample
inoculated in anaerobic blood culture bottles (bioMerieux, Durham,
NC, USA) and YCFA medium, both supplemented with 5% of
defibrinated sheep blood and 5% of 0.22 pm filtered rumen fluid.
Serial dilutions of each culture were inoculated on COS agar and
YCFA agar over a one-month period at different timepoints (24h,
day 3, day 7, day 10, day 15, day 21, day 30). The colonies obtained
were sub-cultured after a 48 hour-incubation at 37°C using Zip bag
(Oxoid, Dardilly, France) containing an anaerobic generator,
gasPak (Becton Dickinson, Le Pont de Claix, France). An aerobic
condition was also performed with 200 pL of stool inoculated into
an aerobic blood culture bottle (BioMerieux, Marcy I'Etoile, France)
medium supplemented with 5% of defibrinated sheep blood and 5%
of 0.22 um filtered rumen fluid. Serial dilutions were inoculated on
COS agar over a one-month period at different timepoints (24h, day
3, day 7, day 10, day 15, day 21, day 30) and incubated for 24 hours
at 37°C in an aerobic atmosphere. Colonies were sub-cultured in the
same conditions. Purified colonies were identified using MALDI-
TOF MS and genome sequencing when necessary (Lagier et al,
2012a). Briefly, isolated colonies were then plated on a 96 MSP plate
with 2ul of pre-prepared matrix solution containing saturated o-
cyano-4-hydroxycinnamic acid, 50% acetonitrile and 2.5%
trifluoroacetic acid. Spectra were recorded in positive linear
mode. Data were automatically acquired using FlexControl v.3.4
and MALDI Biotyper Compass v4.1 software for assay preparation
and biotyping analysis. Spectra from different species were
compared with the MBT Compass BDAL v.11 library (Bruker)
containing 10,833 spectra references (3,893 species), as well as with
our culturomics laboratory database containing 9,973 spectra
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references (2,186 bacterial species). Identification at the species
level was obtained for a spectrum matched with a score higher than
1.9. Colonies unidentified using MALDI-TOF MS(score < 1.9) were
identified using genome sequencing (Fournier et al., 2015).

V3V4 16S rRNA amplicon sequencing

DNA extraction was realised with two
different protocol

Method 1 DNA was extracted using the E.ZN.A Tissue DNA
kit (omega BIO-TEK, 400 Pinnacle Way suite 450, Norcross, GA
30071, USA). Method 2 fecal oeses were put into a tube that
contains 500uL of PBS, glass powder and glass beads, to perform
mechanical lysis using fastprep (90 seconds, 6.5m/sec). After
decanting for 1min, the supernatant is collected. The latter was
then centrifuged at 12000rpm for one minute and the supernatant
was eliminated. On the base, 19uUL of mixture containing 2uL
glycoprotein denaturation buffer 10x (New England Biolabs) and
17uL H20 were added to denature, heat to 100°C for 10 min.

Deglycolization of the samples was achieved by adding a
mixture containing 2uL of reaction buffer G3 10X (New England
Biolabs), 2uL of EndoHf (New England Biolabs), 2uL of cellulase
(SIGMA, France) and 16uL H20 Incubate at 37°C overnight. The
next day, 25 UL of proteinase K (Euromedex, 24 Rue des Tuileries,
67460 Souffelweyersheim) and 180uL of buffer G2 (Qiagen, Hilden,
Germany) were added to the tubes. After incubation for 1 hour at
56°C and centrifugation for 1min at 1100g, 200uL of supernatant
was collected in an EZ1 flat-bottomed tube for the EZI tissue
protocol from Qiagen (Hilden, Germany).

For each extraction protocol, genomic DNA was amplified for
the 16S “V3-V4” regions by PCR for 45 cycles, using the Kapa HiFi
Hotstart ReadyMix (Kapa Biosystems Inc,Wilmington, MAU.S.A),
we use V3_V4 primers with adapters (FwOvAd_341FTCGTCG
GCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC
WGCAG; RevOvAd_785RGTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCCQ).
After purification on CleanNGS (CleanNA Coenecoop 75 2741 PH
Waddinxveen, the Netherlands), the concentration was measured
with High sensitivity Qubit technology (Life technologies, Carlsbad,
CA, USA). Library of each extraction method were dilute at 3,5 ng/
uL and pooled (1:1). Illumina sequencing adapters and dual-index
barcodes were added to amplicons by pcr. After purification on
CleanNGS (CleanNA

Coenecoop 75 2741 PH Waddinxveen, the Netherlands), this
library was pooled with others multiplexed samples. The global
concentration was quantified by a Qubit with the high sensitivity
kit (Life technologies, Carlsbad, CA, USA). Pooled amplicons were
dilute to obtain a 8 pM library and we added 15% of PhiX control.
The 16S rRNA were sequenced on MiSeq technology (Illumina, Inc,
San Diego CA 92121, USA) on 500 cycle cartridges. Automated
cluster generation and paired- end sequencing with dual index reads
were performed in single 39-hours run in a 2x250bp. The paired
reads were filtered according to the read qualities. Taxonomic
assignment was performed using the MetaGX pipeline (developed
in our center) as previously described (Bellali et al., 2021).

frontiersin.org


https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1611.pdf
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1611.pdf
https://doi.org/10.3389/fcimb.2023.1279354
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Mbaye et al.

Comparison of culturomics and V3V4 16S
amplicon sequencing results

To understand why some species were found to be associated
with NASH in culture but not in V3V4 16S amplicon sequencing,
we used blastN to match the complete reference sequence of the 16S
rRNA gene of each species significantly associated with NASH (or
absence of NASH) with the assembled 16S amplicon sequencing
datasets prior to the initial taxonomical assignment. The reference
sequence of each species was found using LPSN (https://
www.bacterio.net/, last accessed October 23", 2023). BLASTn was
applied to the 65 samples with the following thresholds: 97%
identity and 95% coverage.

Statistical analysis

To compare quantitative variables such as fecal EtOH
concentration, the bilateral Mann-Whitney test was performed
with GraphPad Prism version 9 (GraphPad Software, San Diego,
CA, USA). For fecal ethanol and glucose, visual examination clearly
showed that several samples exceeded the maximum value of
healthy controls (upper normal value). This prompted us to
check whether the proportion of samples with abnormal values
could be due to chance. Barnard’s two-tailed exact test was used. A
p-value < 0.05 was considered significant. To compare the
microbiota profile obtained by culturomics, the detection
frequency difference of each species was calculated (as relative
abundance is not assessed by this technique). For that purpose,
the occurrence of each species in both groups was estimated based
on its presence/absence in each sample. Once the frequency of each
species in each group was determined, the difference was calculated
to determine which species are enriched in each group. The bilateral
Chi-squared test was used to compare frequency differences. To
compare the microbiota profile obtained by illumina MiSeq V3V4
16S gene sequencing, we used three statistical approaches: 1)
frequency comparison within each group, which takes into
account only the presence or absence of each species and most
closely resembles culturomics, 2) linear discriminant analysis using
the LefSE pipeline the Lefse pipeline (Afgan et al., 2018) in Galaxy
(https://huttenhower.sph.harvard.edu/galaxy/) and finally, and 3)
linear discriminant analysis using the Microbiome analyst pipeline
(Chong et al., 2020) (https://www.microbiomeanalyst.ca/). Alpha
and beta-diversity were also assessed with this last pipeline.

Results
Participants

A total of 65 individuals were recruited for this study including
41 NASH patients and 24 healthy controls. For NASH patients, the
mean age was 64.2 + 9.0 years with a sex ratio of 1.3 (23/18 (M/F)),
and the mean body mass index was 29.5 + 5.0. Among the NASH
patients, 9.75% had a normal weight, 51.2% were overweight, 24.4%
were moderately obese, 12.2% were severely obese and 2.4% were
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morbidly obese. Among the NASH patients, 53.7% were diabetic
and 28.8% had high blood pressure. For healthy controls, the mean
age was 63.8 £ 7.6 years with a sex ratio of 10/14 (M/F), and the
mean body mass index was 25.2 + 2.5.

Increased fecal ethanol in NASH

The fecal EtOH concentration was significantly higher in the
stools of NASH patients compared to healthy controls (p-value=
0.0145, Figure 1). By setting a threshold at 0.12 g/L (maximal value
of healthy controls), 11/41 NASH presented abnormal values (vs 0/
24, p = 0.0028). There was a trend for increased fecal glucose
concentration (p = 0.098) with 7/41 abnormal values (vs 0/24, p =
0.028). In contrast, none of the other biochemical parameters were
significantly different between the two groups (Figure I;
Supplementary Table 1).

Culturomics results

Culturomics was performed on 24 samples (14 NASH and 10
controls). A total of 34,560 colonies (mean 1,440 colonies per sample)
were isolated allowing to identify 358 different bacterial species. These
bacterial species were distributed across 11 phyla and 143 genera. 168
species were common to both groups (NASH and controls) whereas
57 species were specific to the control group and 163 to the NASH
group (Supplementary Table 2). Among the 358 identified species,
only 16 (4.5%) were associated with a significant detection frequency
difference including 12 significantly more frequent in the NASH
group and 4 more frequent in the control group (Figure 2). As we
focused on EtOH-producing microbes, we observed that, among the
12 species detected more frequently in the NASH group, two were
known to produce EtOH: Limosilactobacillus fermentum and
Enterocloster bolteae. Moreover, eight increased species in NASH
patients were specific to the group (not detected in 10 controls) with
the most represented being Enterocloster bolteae, Flacklamia hominis
and Holdemanella biformis (all detected in 6/14 (42.9%) of NASH
patients vs 0/10 (0%) controls, p=0.013). Similarly, among the four
significantly increased species in controls, three species were specific
to the group (not detected in the 14 cases, Figure 2), two of which,
Lactilactobacillus casei and Phascolarctobacterium feacium, were
known to be consistently associated with health (Wu et al, 2017;
Martens et al., 2022). Interestingly, Alistipes obesi (renamed Alistipes
communis), a species previously discovered using the culturomics
approach in our center (Hugon et al., 2013), was the most enriched in
controls (3/14 vs 8/10, p= 0.006) and has recently been associated
with health (Yuan et al,, 2023).

Culturomics identified six new species

Unlike amplicon sequencing, culturomics has the unequaled
advantage to isolate hitherto unknown species. In this study, we
isolated six new species, including 2 from new genera, the
description of which is ongoing. For these species, two were
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FIGURE 1

Anormal increased fecal ethanol and glucose concentration in NASH (n = 65). Bilateral Mann-Whitney test was used to estimate significance for all
graphs (ns : not significant). Additionally, for fecal ethanol and glucose, we evaluated if the proportion of anormal values was due to chance using
bilateral Barnard's test (see p-value below). Raw data provided in Supplementary Table 1.

isolated from two different NASH patients (Lancefieldella
massiliensis sp. nov. and Faecibacter massiliensis gen. nov. sp.
nov.) and four from a single control sample (Lachnospira
massiliensis sp. nov., Ligilactobacillus massiliensis sp. nov.,
Phamibacteria massiliensis gen. nov. sp. nov. and Pusillibacter
massiliensis sp. nov.). However, these species were not
discriminant in both groups.

V3V4 16S rRNA amplicon
sequencing results

After usual Illumina sequencing targeting the V3V4 region of
the 16S rRNA gene (Supplementary Table 3, bioproject number
PRJEB62828), the diversity was assessed using the Microbiome
analyst pipeline (Chong et al, 2020). Alpha-diversity Simpson
index was significantly lower in NASH patients. Strikingly, 7
NASH patients had very low Simpson indexes (Supplementary
Figure 1a). Beta-diversity evidenced an increased heterogeneity of
NASH samples compared to controls (Supplementary Figure 1b).
Dendrogram of microbiota profile at the species level did not show a
clear distinction between cases and controls (Supplementary
Figure 1c). This prompted us to focused on species with a
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significant difference of frequency or abundance between the
two groups.

Using the Microbiome analyst pipeline (Chong et al., 2020) again, a
linear discriminant analysis (LDA) between the two groups (41 NASH
and 24 controls) was performed at different taxonomic levels (phylum,
family, genus, and species). At the phylum level, the LDA showed a
significant increase of Candidatus Saccharibacteria (a superphylum
belonging to the Candidate Phyla Radiation (CPR) division) and
Actinobacteria in NASH patients (Supplementary Figure 2a). At the
family level, we found an enrichment in Streptococcaceae,
Coriobacteriaceae and Lachnospiraceae (Supplementary Figure 2b).
Consistently, the genera Streptococcus (Streptococcaceae) and Blautia
(Lachnospiraceae) were also increased (Supplementary Figure 2c).

Conversely, the phyla Bacteroidetes and Euryarchaeota were
decreased in cases whereas at the family level a decrease of
Bacteroidaceae, Methanobacteriaceae, Rikenellaceae and Eubacteriaceae
was observed. At the genus level, Bacteroides, Methanobrevibacter,
Alistipes, Paraoscillibacter, Romboutsia and Phascolarctobacterium were
associated with controls (Figure S2a, b and c).

At the species level, we primarily used the LefSE pipeline (Afgan
et al., 2018) to perform the linear discriminant analysis (Figure 3)
but also the Microbiome analyst (Chong et al., 2020) at the species
level (Figure S3). The NASH group was associated with
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Frequency in Healthy

Speci Freqt difference Ethanol producer in NASH (n=14) Controls (n=10) P value
Finegoldia magna 71,43%(10) 10%(1) **
Enterococcus avium 64,29%(9) 20%(2) *
Limosilactobacillus fermentum 64,29%(9) 20%(2) *
Enterocloster bolteae 42,8%(6) 0%(0) *
Facklamia hominis 42,8%(6) 0%(0) *
Holdemanella biformis 42,8%(6) 0%(0) N
Bacteroides thetaiotaomicron 71,43%(10) 30%(3) *
Cutibacterium eggermontii 35,71%(5) 0%(0) *
Peptoniphilus grossensis 35,71%(5) 0%(0) *
Peptoniphilus koenoeneniae 35,71%(5) 0%(0) *
Peptoniphilus sudae 35,71%(5) 0%(0) *
Streptococcus constellatus 35,71%(5) 0%(0) *
Lenti bacillus parabuchneri 0%(0) 30%(3) *
Lacticaseibacillus casei 0%(0) 30%(3) *
Phascolarctobacterium faecium 0%(0) 40%(4) **
Alistipes obesi 21,43%(3) 80%(8) **

B Enriched in controls
B Epriched in NASH
= Ethanol producer species

FIGURE 2

Species with a significant frequency difference between NASH and Healthy controls in Culturomics (n = 24). In red species enriched in NASH, in
green species enriched in controls and in orange: species capable to produce ethanol according to the literature. Raw data provided in

Supplementary Table 2

Streptococcus spp., Blautia spp., Thomasclavelia ramosa (formerly
Clostridium ramosum then Erysipelatoclostridium ramosum),
Limosilactobacillus fermentum and Faecalibacterium timonensis
(Supplementary Figure 3). Healthy controls presented an
increased abundance of species, previously associated with health
in the literature, namely Methanobrevibacter smithii, Bacteroides
spp. (8 OTUs corresponding to at least 8 Bacteroides species,
Romboutsia timonensis and Phascolarcobacterium faecium,
Figure 3). Interestingly, the syntrophic taxa, Methanobrevibacter
spp. and Bacteroides spp. were consistently associated with controls
in our study, at all taxonomic levels (Samuel and Gordon, 20065
Djemai et al, 2022). The consistency of the depletion of the
association between Methanobrevibacter smithii and Bacteroides
species is consistent with the loss of the archaeal-bacterial
mutualism reported several years ago (Samuel and Gordon,
2006). Finally, only the LefSE pipeline allow us to identify 3
EtOH-producing species, all enriched in NASH, namely
Mediterraneibacter gnavus (formerly Ruminococcus gnavus),
Streptococcus mutans and Limosilactobacillus fermentum (Figure 3).

Comparison of culturomics V3V4 16S
amplicon sequencing results

The data obtained using culturomics and 16S amplicon
sequencing were analyzed using two different analyses: detection
frequency difference (which considers the presence/absence of the
species in the sample) performed the culturomics and amplicon
sequencing data and LDA (linear discriminant analysis, which
considers the relative abundance of species) performed only for
the amplicon sequencing datasets. By comparing these two
methods, only three species were common for culturomics and
16S metagenomics: the EtOH-producing Limosilactobacillus
fermentum enriched in NASH patients whereas two species were
enriched in controls namely Phascolarctobacterium faecium and
Alistipes obesi (rename Alistipes communis) in controls (Figure 2 &
3 and Figure S5).

Frontiers in Cellular and Infection Microbiology

Interestingly, lactic acid bacteria represented 48% (12/25) of
species enriched in NASH patients, the most represented (present
in more than 50% of patients) being Streptococcus salivarius (40/
41), Streptoccocus anginosus (25/41) and Streptococcus australis (23/
41). Species enriched in NASH also included Mediterraneibacter
[Ruminococcus] gnavus, Thomasclavelia ramosa, Gemella
haemolysans, Faecalibacterium timonensis and Granulicatella
adiacens (Figure 3). It is noteworthy that among the species
enriched in the NASH group, seven were totally absent in
controls: Actinomyces naeslundii, Bifidobacterium adolescentis,
Limosilactobacillus fermentum, Limosilactobacillus caccae,
Lactobacillus salivarius, Streptococcus sinensis and an unknown
member of the Candidate Phyla Radiation (CPR, called
saccharimonasl7 sp233) classified with a new unclassified family
Candidatus Nanogingivalaceae (Figure 3).

Conversely, 36 species were found to have strong associations
with controls with a predominance of the Bacteroides genus (23
species) and health-associated species previously found with the
LDA and/or culturomics: P. faecium, R. timonensis and A. obesi
(Figure 3). These species also included the main human gut archaeal
M. smithii, as well as several members of the Bacteroides genus for
which syntrophic interactions are well described.

Four EtOH-producing bacteria associated
with NASH identified by culturomics and
16S metagenomics

Endogenous EtOH production is an emerging mechanism
described in the pathophysiology of NASH (Zhu et al., 2013;
Yuan et al., 2019; Mbaye et al., 2022; Mbaye et al., 2023). Among
all the species with a significant difference between NASH patients
and controls, only four were known to produce EtOH and 4/4
(100%) were enriched in NASH patients (binomial test, p = 0.025)
by culture and/or sequencing (Table 2; Figure 2, 3). In contrast,
none of the species enriched in the controls were known to produce
EtOH (Figure 3). These four species included a member of the
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Blautia_wexlerae_OTU2
Limosilactobafillus_caccae_OTU3
Faecalibafterium_timonensis
Streptococcufs_timonensis_OTU4
Bifidobacterium [adolescentis_OTU6
Dorea_pacaensis
Lactpbacillus_salivarius

Streptococcus_australis

Mediterfaneibacter_gnavus
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FIGURE 3

Species associated with NASH or controls by Linear discriminant
analysis (16S metagenomics, n = 65). Linear discriminant analysis
performed using the Galaxy Hutlab (https://huttenhower.sph.
harvard.edu/galaxy/) with default parameters. Ethanol producers
identified by literature search. Species with an OTU number
corresponded to OTUs assigned to multiple species (see
Supplementary Table 4). Other OTUs were assigned to only one
species. Saccharimonasl2_sp233 corresponded to Candidatus
Nanogingivalacae, a member of the Candidate Phylum Radiation
(see text). Raw data provided in Supplementary Table 3.

recently reclassified Limosilactobacillus genus (Zheng et al., 2020),
L. fermentum, a EtOH producer according to the literature
(Elshaghabee et al., 2016), was found enriched in both culture
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and sequencing and has previously been associated with EtOH
production in NASH (Meijnikman et al., 2022; Mbaye et al., 2023)
(Table 2). In addition, S. mutans, a species of the genus
Streptococcus able to produce EtOH (Takahashi et al., 1991), was
associated with NASH in the amplicon sequencing datasets. The
Streptococcus genus was previously associated with NASH (Naka
et al, 2014) and includes S. mutans, a known cariogenic species
(Alaluusua and Renkonen, 1983). The other two EtOH-producing
species, E. bolteae (which ethanol production has been shown in
vitro with strains enriched in hepatitis B patients (Magdy Wasfy
etal., 2023)) and Mediterraneibacter gnavus (Hynonen et al., 2016),
were found to be associated with NASH for the first time in this
study. Specifically, E. bolteae was found enriched in NASH patients
only using the culturomics approach. This species was recently
associated with autism and hepatic steatosis (Ruuskanen et al., 2021;
Frame et al., 2023). Mediterraneibacter gnavus, reclassified by Togo
et al. (Togo et al, 2018), has been associated with several
pathologies including obesity (Chen et al., 2021; Lin et al., 2023),,
intestinal inflammation (Hall et al., 2017), allergies in children
(Chua et al.,, 2018) and non-alcoholic steatosis (Hullar et al., 2021).
These four species (Table 2) should be added to the repertoire of gut
microbes possibly instrumental in NASH through endogenous
ethanol production. As E. bolteae was only found using culture-
based approaches as well as other species of interest (Table S5) and
the V3V4 region of the 16S rRNA gene does not consistently allow
unambiguous taxonomic assignment of OTUs, we conducted a
BLASTn matching the complete reference sequence of the 16S
rRNA gene (Table 54) of the 15 species of interest highlighted using
culturomics against the 16S amplicon datasets (Figure S4, Table S5).
This analysis showed that E. bolteae was also detected using 16S
amplicon sequencing although it was depleted in NASH patients
whereas L. fermentum was also found enriched in NASH patients.

Discussion

In this study, we confirmed the intestinal dysbiosis associated
with NASH using culture-based as well as culture-independent
approaches. We first showed an increase in fecal EtOH
concentration in NASH patients, confirming results already
described in the literature. The NASH-associated dysbiosis found
in this study confirms those obtained in previous studies. It was
characterized by an increase of Streptococcaceae (Vernekar et al,
2018; Meijnikman et al., 2022) and Lachnospiraceae at the family
level and Streptoccocus, Limosilactobacillus and Blautia at the genus
level (Abdugheni et al., 2022; Meijnikman et al., 2022).
Interestingly, EtOH-producing species (E. bolteae, M. gnavus, L.
fermentum, and S. mutans) were enriched in NASH patients. The
association of T. ramosa and L. fermentum with NASH confirms
our previous findings (with different patients) and other reports in
the literature (Loomba et al., 2019; Meijnikman et al., 2022; Mbaye
et al, 2023).

Our study evidence a plausible association of E. bolteae with
NASH through endogenous EtOH production. The bacterium was
first isolated from autistic patients (Song et al., 2003) and
subsequently repeatedly associated with this disease (Cox et al,
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TABLE 2 Four EtOH-producing species found enriched in NASH according to microbiological and statistical methods.

Culturomics
N =24 Step 1 (n = 24)

Frequency
difference

Frequency
difference

Linear discriminant

V3V4 16S amplicon sequencing

Step 2 (n = 65)

Frequency Linear discriminant

difference

Limosilactobacillus

analysis EREIWAH

fermentum®™©H X X X X X
Mediterraneibacter_gnavus™©" X X
Streptococcus_mutans X X

Enterocloster bolteae™©™ X

Table comparing technique (culturomics & 16S metagenomics) or statistical (frequency difference or linear discriminant analysis) methods, and according to samples (24 analyzed both by
culturomics and metagenomics (Step 1) and 41 analyzed only by 16S metagenomics). Step 2 included all samples. L. fermentum was the only species found by culturomics and 16S metagenomics,
whatever the group of samples included (24 analyzed both by culturomics and metagenomics or 65 analyzed by 16S metagenomics). Enterocloster bolteae was identified only by culturomics. Its
instrumental role is highly suspected based on several reports associating this species with dysbiosis related diseases (see Discussion). These four species should be added to the repertoire of gut

microbes possibly instrumental in the disease through endogenous ethanol production.

2021; Pandit et al., 20215 Frame et al., 2023). It is strict anaerobic,
gram-positive, rod-shaped and measures 1.0-1.2 pm in diameter.
Acetate and lactate are the main end products of glucose
metabolism. Other sugars metabolized by the bacterium include
arabinose, fructose, sucrose, glycerol, maltose, mannose, melezitose,
sorbitol, trehalose and xylose. It is sensitive to kanamycin and
colistin sulfate; intermediate to bacitracin, cefoxitin and
clindamycin; and resistant to ampicillin, piperacillin, ticarcillin
and vancomycin (Song et al, 2003). Its versatility to consume
multiple sugars knowing that it produces ethanol makes it a
suitable pathogen candidate. Indeed, a very frequent endogenous
production of ethanol can be expected in humans who carry this
bacterium even with varied sugar diets.

A 2019 metagenomics study found that this species was the best
for classifying NAFLD according to the stage of fibrosis (Loomba
et al,, 2019). Moreover, E. bolteae has already been associated with
intestinal dysbiosis in autistic patients (Frame et al, 2023) and
chronic inflammatory bowel disease (Chen et al, 2023). This
species, found only in the culture-based analysis in this study, is
an EtOH producer. Endogenous EtOH production is potentially
involved in the pathophysiology of the disease (Zhu et al., 2013;
Yuan et al,, 2019). E. bolteae was the only species found by culture
and not by V3V4 16S rRNA amplicon sequencing. The lack of
detection of E. bolteae in V3V4 16S amplicon sequencing might be
due to the fact that these hypervariable regions of the 16S rRNA
gene cannot discriminate species of the Enterocloster genus. In fact,
this genus was recently created subsequently to multiple
reclassifications of the Clostridium genus (Song et al., 2003). In
fact, all OTUs classified within this genus were multi-assigned in the
metadata (see Supplementary table S3). However, culturomics
allowed the unambiguous identification of Enterocloster species:
Enterocloster bolteae (6 in NASH vs. 0 in controls), Enterocloster
aldenensis (3 in NASH vs. 0 in controls), Enterocloster citroniae (2
in NASH vs. 1 in controls), Enterocloster clostridioformis (2 in
NASH vs. 0 in controls) and Enterocloster lavalensis (1 in NASH vs.
0 in controls). According to the microbial culturomics (Lagier et al.,
2012a) approach, the media used for culture were not specific for
any specific microbial population, but rather mimicked the sample
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environment to explore the bacterial population of the sample as
exhaustively as possible. For instance, YCFA medium, rumen and
anaerobic atmospheres were used to reproduce the physiologic
environment (Tidjani Alou et al., 2020). This suggests the
complementarity between these methods to explore gut
microbiome (Lagier et al., 2018).

Future studies are needed to understand why the association
between E. bolteae and NASH was detected using culturomics and
shotgun metagenomic, and not 16S amplicon sequencing. Future
experimental studies and in vitro tests will improve its instrumental
role in the pathophysiology of NASH. Our results suggest the
potential association of endogenous EtOH production by
digestive microorganisms and NASH, and the use of new
therapeutic avenues such as antibiotics (E. bolteae is expected to
be sensitive to rifaximin which is effective in NASH in some studies
(Abdel-Razik et al., 2018 2018; Boehme et al., 2023 2023), fecal
transplantation or the use of phage therapy targeting E. bolteae as
described by Yuan et al. with Klebsiella pneumoniae (Gan et al.,
2023). Future studies will determine ethanol production by the 12
species (81 strains) enriched in NASH patients. In addition, the
pathogenic role of these species in the physiopathology of NASH
could explored in a murine model (Yuan et al., 2019).

In this study, we showed frequency difference did not represent
the most relevant parameter that is predictive value. Indeed, even if
rare, a microbial species is of particular interest if it is always
associated with a disease or always associated with absence of the
disease. Even if sample size was quite low due to microbial
culturomics fastidious process, we were struck by the fact that the
EtOH producing E. bolteae had a 100% positive predictive value, in
contrast the probiotic L. casei has a 100% negative predictive value,
suggesting that E. bolteae is a pathobiont (Lagier et al., 2018; Abdel-
Razik et al, 2018 2018) and L. casei a probiotic potentially
protective against NASH (Lee et al, 2020). And the probiotic
effect of L. casei is known for around a century. Strikingly, this
species was shown to interfere with ethanol production in co-
culture with yeast (Spanhaak et al., 1998). Future studies are
strongly needed to test if L. casei may have a beneficial effect
on NASH.
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One of the limitations of this study may be linked to the
discrepancy in the number of samples analyzed using culturomics
(24 samples) and 16S amplicon sequencing (65 samples) due to the
extensive workload associated with the culturomics method.

Testing antimicrobial therapies for NASH without identifying
instrumental gut microbes that might include both yeast (Demir
et al., 2022; Mbaye et al,, 2022) and bacteria is expecting to be
unsuccessful. Current and previous studies from our center (Mbaye
et al, 2022; Mbaye et al., 2023) and others strongly suggest that
accurate profiling of the individual gut microbiota using both
culturomics and metagenomics for yeasts, bacteria and archaea is
likely to be a critical step for precision medicine using microbe-
targeted therapies for NASH management in the future.
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