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Abstract

Background: Alcohol abuse has deleterious effects on human health by disrupting the functions of many organs
and systems. Gut microbiota has been implicated in the pathogenesis of alcohol-related liver diseases, with its
composition manifesting expressed dysbiosis in patients suffering from alcoholic dependence. Due to its inherent
plasticity, gut microbiota is an important target for prevention and treatment of these diseases. Identification of the
impact of alcohol abuse with associated psychiatric symptoms on the gut community structure is confounded by
the liver dysfunction. In order to differentiate the effects of these two factors, we conducted a comparative
“shotgun” metagenomic survey of 99 patients with the alcohol dependence syndrome represented by two
cohorts—with and without liver cirrhosis. The taxonomic and functional composition of the gut microbiota was
subjected to a multifactor analysis including comparison with the external control group.

Results: Alcoholic dependence and liver cirrhosis were associated with profound shifts in gut community structures
and metabolic potential across the patients. The specific effects on species-level community composition were
remarkably different between cohorts with and without liver cirrhosis. In both cases, the commensal microbiota
was found to be depleted. Alcoholic dependence was inversely associated with the levels of butyrate-producing
species from the Clostridiales order, while the cirrhosis—with multiple members of the Bacteroidales order. The
opportunist pathogens linked to alcoholic dependence included pro-inflammatory Enterobacteriaceae, while the
hallmarks of cirrhosis included an increase of oral microbes in the gut and more frequent occurrence of abnormal
community structures. Interestingly, each of the two factors was associated with the expressed enrichment in many
Bifidobacterium and Lactobacillus—but the exact set of the species was different between alcoholic dependence
and liver cirrhosis. At the level of functional potential, the patients showed different patterns of increase in
functions related to alcohol metabolism and virulence factors, as well as pathways related to inflammation.
(Continued on next page)
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Conclusions: Multiple shifts in the community structure and metabolic potential suggest strong negative influence
of alcohol dependence and associated liver dysfunction on gut microbiota. The identified differences in patterns of
impact between these two factors are important for planning of personalized treatment and prevention of these
pathologies via microbiota modulation. Particularly, the expansion of Bifidobacterium and Lactobacillus suggests that
probiotic interventions for patients with alcohol-related disorders using representatives of the same taxa should be
considered with caution. Taxonomic and functional analysis shows an increased propensity of the gut microbiota to
synthesis of the toxic acetaldehyde, suggesting higher risk of colorectal cancer and other pathologies in alcoholics.

Keywords: Metagenome, Human gut microbiota, Alcoholic dependence syndrome, Alcoholic liver cirrhosis,
Bifidobacterium, Lactobacillus, Gut-brain axis, Virulence factors, Acetaldehyde,

Background

The majority of adult population consumes alcohol in
various quantities, and alcoholism is the leading cause of
premature deaths in the world [1]. Long-term alcohol
abuse exerts a spectrum of potent effects on different
body systems, ranging from psychiatric symptoms, mal-
nutrition and chronic pancreatitis to alcoholic liver dis-
ease, hepatocellular carcinoma, and coronary heart
disease. Alcoholism increases the risk of oropharyngeal
and esophageal cancer. Central and peripheral nervous
systems are vulnerable and strongly affected by ethanol.
As diet is one of the major factors affecting the commu-
nity structure and functional potential of gut microbiota
[2], alcohol and the products of its degradation by hu-
man organism can strongly modulate the human gut
microbiota [3]. Moreover, gut dysbiosis contribute to
neuroinflammation in the context of alcohol exposure
and withdrawal, subsequently leading to the psychiatric
symptoms of alcoholism—an understanding concordant
with the concept of “gut-brain axis” [4]. However, most
studies of alcohol dependence syndrome (ADS) are fo-
cused on examining the neurophysiologic effects as well
as its action on the functions of liver and other organs,
while the question of how alcohol dependence impacts
the gut microbiota to a large extent remains unexplored.
Recently, the application of cultivation-free approaches
(qPCR and 16S rRNA metagenomic sequencing) demon-
strated that the extent of alcohol impact on gut micro-
biota varies between individuals [5]. In a group of
patients with ADS, it was shown to be associated with a
decreased abundance of major commensal microbial
taxa, including Roseburia, Faecalibacterium, Blautia,
Bacteroides, and Lachnospiraceae, increased intestinal
permeability, and inflammation [6-8].

Alcoholism is commonly accompanied by a number of
pathologies each of which can individually shift the com-
position of the gut microbiota. Particularly, chronic alco-
hol abuse is a factor strongly contributing to the
pathogenesis of various liver diseases [9]. Alcoholic liver
cirrhosis (ALC) develops in 10-15% of alcoholics [10]. A
growing number of recent studies support the hypothesis

that the gut microbiota can play a significant role in the
onset and progression of the alcoholic liver disease (ALD)
[11, 12], nonalcoholic fat liver disease (NAFLD) [13], non-
alcoholic steatohepatitis (NASH) [11], and other liver dys-
functions. One of the proposed mechanisms is via a direct
impact of the microbial products like endotoxins on liver,
as it interacts with the gut both directly via the hepatic ar-
tery as well as indirectly via the metabolism of bile acids
[14]. However, the mechanisms of such interactions are
yet to be elucidated. The gut microbial community of pa-
tients with ALC is known to be dysbiotic; its composition is
characteristic by increased presence of Proteobacteria (par-
ticularly, Gammaproteobacteria) and Bacilli. These shifts
are mirrored by a decrease in the commensal taxa Clos-
tridia, Bacteroidetes, and Ruminococcaceae, as well as
Lactobacillus and Bifidobacterium. A significant reduction
of Lachnospiraceae, Roseburia, Faecalibacterium, and Blau-
tia levels contributes to intestinal bacterial overgrowth,
which, together with the acetaldehyde-caused increased in-
testinal permeability, leads to an increased blood concentra-
tions of endotoxins and activation of inflammatory
cascades likely inducing liver damage [7, 15-17].

Liver dysfunction is a major confounding factor in sur-
veys of gut microbiota in patients with ADS. In order to
identify the changes on microbiota composition and func-
tions resulting from alcohol dependence and liver disease
for the first time we conducted a “shotgun” metagenomic
analysis of stool samples from a group of patients suffering
from alcoholism represented by two cohorts—patients
with ADS (without advanced liver disease) and patients
with ALC (with advanced liver disease, i.e., liver cirrhosis).
In order to disentangle the effects of these two patholo-
gies, we carried out a multifactor statistical analysis of the
metagenomic data. Moreover, we analyzed changes in the
specific functional potential of microbiota linked to both
virulence factors and alcohol metabolism.

Results

Cohorts of patients

In total, 99 patients were enrolled in the study carried
out at three clinical centers in three Russian cities (see
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Table 1, the “Methods” section, and Additional file 1:
Table S1). The cohort included 72 patients with ADS, and
27—with ALC (Additional file 2: Table S2); for a third of
the cohort, the gut metagenome analysis has been per-
formed and its results have been previously published [18,
19]; experimental data were made publicly available [20].
Sequencing of the stool samples yielded 25.8 + 16.1 M of
50 bp reads per sample (127.5 Gbp in total).

Gut microbial communities of the patients with ADS and
ALC differ from each other and have disease-specific
compositions

Mapping of metagenomic reads to the reference catalogue
of gut microbial genomes (see the “Methods” section)
allowed us to identify 246 microbial species (determined as
the number of detected genomes) belonging to 79 genera
in our cohort of ADS patients and 230 species from 71 gen-
era in our cohort of ALC patients (see Fig. 1; the complete
composition is in the Additional files 3 and 4: Table S3, S4).
MetaPhlAn2 method based on unique clade-specific
markers [21] generated similar taxonomic composition rep-
resented by 334 and 281 species for ADS and ALC cohorts,
respectively (Additional files 5 and 6: Table S5, S6). The
richness of the gut community (alpha-diversity) in either
ADS or ALC patients was not statistically different from
the control group (Shannon index 3.3 + 0.6 vs. 3.3 £ 0.6
and 3.2 + 0.5, p = 0.8 and 0.2, respectively, Welch’s test).

The analysis of the relative abundance of the species
(Additional file 7: Figure S1) demonstrated that the gut
community in patients is generally dominated by com-
mensal species typical for the healthy populations of the
world [22]. The three most represented genera for the
ADS patients included Bacteroides (relative abundance
19.2% + 18.2%), Prevotella (16.3% + 20.1%), and Faecali-
bacterium (6.7% + 5.7%). For the ALC group, the respect-
ive list included Bacteroides (19.6% + 27.7%), Blautia
(9.7% + 10.9%), and Bifidobacterium (9.4% + 15.9%).

A direct comparison of the gut community structures be-
tween each of the two groups of our patients and the con-
trol group allowed us to identify a number of taxa that
were differentially abundant (Additional files 8 and 9: Ta-
bles S7, S8). Particularly, the ADS patients had higher levels
of two genera (Klebsiella, Lactococcus) and four species (K
pneumoniae, Lactobacillus salivarius, Citrobacter koseri,
Lactococcus lactis subsp. cremoris) than the control group.
For the ALC patients, the respective list included two

Table 1 Summary information about the patients and the
control group. The values are mean + s.d., here and below

N Age Gender BMI
Patients with ADS 72 44+10 3F69M 233 £39
Patients with ALC 27 49+7 5F/22M 274 £ 4.1
External control group [58] 60 36+ 11 32 F/28 M 257 +56
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genera and eight species: Bifidobacterium (B. longum, den-
tium, and breve) and Streptococcus (S. thermophilus and
mutans), as well as multiple Lactobacillus species (L. sali-
varius, antri, and crispatus) (Mann-Whitney test, FDR-
adjusted p value <0.01). On the other hand, the taxa de-
creased in comparison with the healthy population included
for ADS patients—3 genera (Akkermansia, Coprococcus,
unclassified Clostridiales) and 19 species; for ALC pa-
tients—49 species from 13 genera (particularly, Prevotella,
Paraprevotella, and Alistipes). The results were mainly in
agreement with a similar analysis performed using MetaPh-
1An2 (Additional files 10 and 11: Tables S9, S10).

Besides the microbial components, the MetaPhlAn2
allowed us to identify viral components of the gut meta-
genomes of our patients. Viruses were identified only in
a few of our samples and in low abundance. Particularly,
the most prevalent viruses were unclassified C2-like
(max. 3.7% of the total relative abundance, in n = 21 pa-
tients), Dasheen mosaic (max. 0.07%, n = 22), and wheat
dwarf viruses (max. 0.4%, n = 10). The list of detected
bacteriophages included 10 viruses with hosts belonging
to Lactobacillus, Leuconostoc, Lactococcus, Streptococcus,
Enterobacteria, and other taxa. However, a comparison
with the control group did not find any viruses that were
significantly under- or overabundant in the guts of the
ADS or ALC patients relative to the control group.

The visualization of the distribution of the taxonomic
composition in ADS and ALC patients in the context of
the published data on world populations (Fig. 2) showed
that ALC patients tend to be more shifted from the Rus-
sian control group than the ADS patients.

Among samples forming “outliers” on the MDS plot
were two samples from the ADS group (ADS_59,
ADS_39) and four samples from the ALC group
(ALC_13, ALC_9, ALC_20, ALC_1). Species-level ana-
lysis showed that three of these samples were outlying
due to the absolute dominance of a single commensal
microbial genus and had associated low community
richness (alpha-diversity): ADS_39 (dominated by Prevo-
tella genus, 71%; Shannon index 1.65), ALC_1 (Bacter-
oides, 76%; Shannon index 2.34) and ADS_59 (64%
Lactobacillus; Shannon index 1.79).

The remaining outliers were characterized by abnormal
community structures dominated by a set of several bacter-
ial species, most of which are known to be associated with
gut inflammation. The sample ALC_13 included 68% of
Escherichia spp., 22% of Enterococcus, and 7% of Streptococ-
cus. Samples ALC_9 and ALC_20 had increased propor-
tions of Streptococcus salivarius and vestibularis (totally 27
and 18%, respectively), as well as Lactobacillus salivarius
and crispatus (20 and 36%). The Veillonella genus known
to be prevalent in buccal microbiota was another genus ab-
normally overrepresented in the ALC_9 sample (V. atypica,
parvula, and dispar totally accounting for 17% of the
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Fig. 1 The most prevalent genera in the gut microbiota of patients with ADS and ALC. The columns correspond to the samples/patients; the
patient group is denoted with a top color bar. The figure shows the taxa with the relative abundance of = 1% in at least one of the
metagenomes. Each row name starting with “uncl.” corresponds to total relative abundance of all unclassified genera belonging to the respective
taxon of higher order (e.g., family or order). The hierarchical clustering was performed using the Euclidean metric and complete linkage
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microbial abundance). Intriguingly, the ALC_20 sample
had a high fraction of Bifidobacterium species known by its
probiotic representatives (30%, B. longum subsp. longum
and subsp. infantis).

As an alternative method for detecting the metagen-
omes with uncommon composition, we applied the
reference-free MetaFast algorithm based on the adaptive
de novo assembly of combined metagenomic reads [23].
The outliers detected using this algorithm (Add-
itional file 12: Figure S2) contained only the outliers previ-
ously detected using the reference mapping. This indicates
that no gut communities were strongly dominated by un-
known components (e.g., viruses or fungi) or significantly
affected by technical artifacts in both groups of patients.

Prevalence of buccal species is specific to liver cirrhosis
but not alcohol dependence

A recent metagenomic survey of the gut microbiota in pa-
tients with liver cirrhosis has shown a significant enrich-
ment of bacteria normally inhabiting oral cavity [16] which

is likely due to an impaired liver function. We assessed the
presence of such species in the gut microbiota of the pa-
tients with ADS and ALC (Table 2).

The highest fractions of potentially oral species tend
to occur in ALC patients rather than in ADS patients
(for the latter, the levels are quite low). The complete
comparison of ranks (see the “Methods” section) for
each species showed that Streptococcus constellatus,
Streptococcus salivarius, Veillonella atypica, Veillonella
dispar, and Veillonella parvula have significantly higher
ranks in the microbiota of ALC than of ADS patients
(one-tailed Mann-Whitney test, p < 0.05). It suggests
that alcoholic dependence itself is linked to an enrich-
ment of oral species in the gut microbiota to a lesser de-
gree than the alcohol liver cirrhosis.

Effect of alcohol dependence and liver cirrhosis on gut
community structure is different

In order to identify the influence of each of the clinical
factors on taxonomic composition of the gut microbiota,
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we performed a multifactor analysis using MaAsLin
package [24]. Metagenomes from the Russian popula-
tion—both our patients as well as healthy subjects—were
included. Analysis of the variance using PERMANOVA
(Bray-Curtis dissimilarity matrix) revealed three factors
significantly linked to the microbiota composition: liver
cirrhosis (explained variance R* = 3.2%, adj. p = 0.002),
alcohol dependence (R* = 2.9%, adj. p = 0.002), and gen-
der (R* = 1.6%, adj. p = 0.007); association with age was
not significant (adj. p = 0.129) (Bray-Curtis dissimilarity
index, 1000 permutations). After correction for the effect
of the gender, both liver cirrhosis and alcohol depend-
ence were found to still have a large impact on gut
microbiota (Fig. 3; complete results are listed in Add-
itional files 13 and 14: Table S11, S12).

Liver cirrhosis was shown to be associated with changes
in relative abundances of 8 genera and 46 species. Taxa
with decreased levels include Parabacteroides genus (in-
cluding its members P. distasonis, johnsonii, and merdae),
Prevotella (P. copri and disiens), Clostridium (C. asparagi-
forme, methylpentosum, saccharolyticum-like K10, and sp.
L2-50), Paraprevotella xylaniphila, Odoribacter splanch-
nicus, Phascolarctobacterium sp. YIT 11841, and nine spe-
cies from the Bacteroides genus as well as other
commensal gut microbes. On the other hand, an increase
was observed for the Gordonibacter pamelaeae, Rumino-
coccus sp. 5_1_39BFAA and, interestingly, for multiple

members of the genera Lactobacillus and Bifidobacterium:
L. antri, crispatus, delbrueckii, oris, ultunensis, and B. ani-
malis and dentium.

A metagenomic signature of alcohol dependence, the
second strong factor affecting the gut microbiota, was
found to include 6 genera and 34 species that only slightly
overlapped with the signature of liver cirrhosis. Changes
uniquely associated with alcoholism include an increased
abundance of the Klebsiella genus and decreased abun-
dances of Coprococcus, Faecalibacterium prausnitzii, and
unclassified Clostridiales. At the same time, certain
changes in the gut microbiota were collinear with those
detected in the signature of liver cirrhosis: both patholo-
gies were marked by a decrease of Acidaminococcus sp.
D21. As in the case of the cirrhosis, alcohol dependence
was associated with an increased fraction of several Lacto-
bacillus and Bifidobacterium members, but due to differ-
ent species—B. longum and L. gasseri and salivarius.

Functions of microbiota in alcoholics manifest increased
propensity toward alcohol metabolism and enrichment in
virulence factors

Shotgun metagenomics allowed us to assess the total
functional potential of the gut microbiota and compare
it between healthy subjects and each of the groups of al-
coholic patients. We identified major changes in the
metabolic potential at the level of metabolic pathways.



Dubinkina et al. Microbiome (2017) 5:141

Table 2 Enrichment of the potentially buccal microbial species
in gut microbiota of the patients. The ordered list includes the
species with > 1% abundance in at least one sample; the
detections of the ADS patients are filled with gray

Sample 1D Microbial species Relative abundance, %
ALC_9 Lactobacillus salivarius 2867
ALC_20 Lactobacillus salivarius 25.84
ALC_5 Lactobacillus salivarius 13.55
ALC_10 Lactobacillus salivarius 13.14
ALC_9 Streptococcus salivarius 11.56
ALC_5 Streptococcus salivarius 112
ALC_25 Lactobacillus salivarius 8.13
ADS_1 Lactobacillus salivarius 7.69
ADS_67 Streptococcus salivarius 5.22
ALC_9 Veillonella atypica 4.55
ALC_5 Streptococcus parasanguinis 437
ALC_ 3 Streptococcus vestibularis 404
ALC_9 Streptococcus parasanguinis 383
ADS_30 Lactobacillus salivarius 3.38
ALC_20 Streptococcus salivarius 3.16
ADS_34 Veillonella parvula 3.14
ALC_3 Streptococcus salivarius 3.01
ALC_16 Lactobacillus salivarius 296
ADS_8 Veillonella parvula 2388
ADS_12 Streptococcus salivarius 2.79
ADS_59 Lactobacillus salivarius 265
ALC_10 Veillonella parvula 264
ADS_28 Streptococcus salivarius 233
ALC_3 Streptococcus parasanguinis 23
ALC_20 Streptococcus vestibularis 2.16
ADS_28 Lactobacillus salivarius 2.09

For the ALC patients, seven KEGG pathways were sig-
nificantly increased and three—decreased in comparison
with the control group (Additional file 15: Table S13).
Metabolic potential of microbiota in ADS patients was
also affected but mainly characterized by a decrease of
certain functions: only the phosphotransferase system
(PTS) pathway was increased while eight pathways were
found to be decreased in ADS relative to healthy con-
trols (Additional file 16: Table S14).

In order to explore the functional shift in patients’
microbiota on a more detailed level, we examined three
specific functions performed by the gut microbiota that
might be interlinked with severity of alcoholic depend-
ence and liver cirrhosis. The first one is the ability of the
gut microbial community to transform ethanol and its
metabolites including toxic ones like acetaldehyde that
can induce colorectal cancer [25]. The second function
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is biotransformation of bile acids: microbiota is an indis-
pensable in the chain of conversion of bile acids in a hu-
man organism [26]. Furthermore, liver damage arising as
a consequence of alcohol abuse is commonly linked to
dysregulation of bile volume and composition. Thirdly,
increased gut permeability observed in alcoholics might
lead to passage of microbes and their metabolites
through the intestinal wall and result in increased
plasma endotoxin levels, therefore playing a crucial role
in developing cirrhosis and its complications (e.g., spon-
taneous bacterial peritonitis) [27]. Therefore, virulence
factors were selected as the third group for the func-
tional analysis. We evaluated changes in the gut micro-
biota potential to perform these three functions by
comparing relative abundances of the respective genes
between healthy subjects and each of our ADS and ALC
cohorts.

The gut microbiota in both ADS and ALC cohorts
was significantly enriched in functions related to alcohol
metabolism: out of 19 analyzed gene groups, 6 and 9
had increased relative abundance in ADS and ALC co-
horts, respectively (Mann-Whitney test, adj. p < 0.05;
see Fig. 4 and Additional file 17: Table S15). Most of the
genes belonged to the family of alcohol, aldehyde, and
acetaldehyde dehydrogenases. An inverse trend—de-
crease in ADS and ALC cohorts in comparison with the
control group—was observed only for 3 and 2 KO
groups belonging to other gene classes.

Interestingly, we did not detect significant changes for
any of the bile metabolism genes neither for the ALC
nor for the ADS group. On the other hand, functions re-
lated to the virulence appeared to be strongly increased
in metagenomes of ADS patients: 50 virulence factor
genes were significantly increased in comparison with
healthy subjects (Additional file 18: Table S16). Accord-
ing to the taxonomic annotation from the VFDB data-
base, they belong to microbes from Enterobacteriaceae
family—this fact is in agreement with previously men-
tioned increased prevalence of the Escherichia and other
members of the family in the microbiota of ADS pa-
tients. On the other hand, metagenomes of ALC patients
compared to healthy controls did not manifest any dif-
ferences in functions related to virulence factors.

Discussion

Several metagenomic studies have outlined the gut
microbiota composition of patients with ALC [16, 28]
and ADS [5, 29]—however, all of the projects describing
microbiota in ADS were based on 16S rRNA amplicon
sequencing. To the best of authors’ knowledge, the
present study is the first one to describe the gut meta-
genome of ADS patients using shotgun (whole-genome)
metagenomics and compare both its taxonomic as well
as functional composition with ALC patients and healthy
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Fig. 3 Microbial species significantly associated with alcohol dependence and liver disease. The figure shows coefficients of the linear model obtained by
applying MaAsLin method to reference-mapping based taxonomic composition vectors (adjusted p value < 0.05). Positive values denote a direct associ-
ation between the clinical factor and the relative abundance of the respective taxon, while negative values denote a reverse association. Bifidobacterium
and Lactobacillus species are highlighted according to the direction of the respective association. a Alcohol dependence. b Liver cirrhosis

population. Our study of two groups of alcoholics with
different degree of liver dysfunction demonstrated that
the most expressed feature of each group is a substantial
reduction of many commensal gut taxa, while the num-
ber of increased species is rather low. Such relative
under representation of the “positive” markers in the
pathology resembles a “burst of microbiota”—when
shifts away from the balanced community structures
have different directions that strongly vary between sub-
jects. We found that patients with ALC manifest these
“bursts” even to a greater extent than ADS patients—due
to the combined impact of alcohol dependence and liver
dysfunction. Visualization highlights extreme cases of
this phenomenon as outliers. We confirmed the exist-
ence of such outlying samples using an alternative
reference-free analysis of shotgun metagenomes.
Notably, the “drivers” of dysbiotic communities in
ADS patients and ALC patients were found to be differ-
ent. In an attempt to improve the precision of the taxo-
nomic comparison, based on one common feature of
our two groups of patients (i.e., alcohol dependence), we
conducted a multifactor analysis using a state-of-art al-
gorithm based on boosted general linear models. The re-
sults suggest that each of two factors, liver dysfunction
and alcohol dependence, is associated with a significantly

changed abundance of distinct bacterial taxa represent-
ing potential biomarkers of these two diseases. Interest-
ingly, metagenomic signatures of two pathologies
contain nonoverlapping set of markers; and few of the
shared markers manifest opposite directions of change.
Liver cirrhosis is characterized by a higher level of gut
dysbiosis than alcoholism. Massive depletion of major
commensals from the Bacteroidales order is accompan-
ied by a rise of taxa normally inhabiting the oral cavity,
as identified during our analysis of relative abundances
of respective genomes. This effect is likely linked to the
abnormal bile secretion and composition and is in agree-
ment with the results of an earlier study describing gut
metagenome in nonalcoholic liver cirrhosis patients [16],
thus confirming this hallmark of the liver dysfunction on
another cohort. The presence of oral species Lactobacil-
lus salivarius, Veillonella parvula, and Streptococcus sali-
varius is more pronounced in ALC patients in
comparison with both healthy controls as well as the
ADS group. Interestingly, we found that Bifidobacterium
abundance was significantly associated with the cirrho-
sis. This observation might appear somewhat contradict-
ory to a well-known enrichment of species exhibiting
probiotic properties within this genus. While one cannot
completely rule out the possibility that some of these

-

K00001 K00002 Koo121 K04022 K04072 K13953 K13954
3 -
T8, ¢ i - -
s 21 BTm TR BTm -, oEg
o v - ' -7 o v H
g ;¢ BIm o, T 8 B ¢
o 14 | -~ - [ . o
g vo0° [ag: S
° . [ T
2 0] Il B :
© o Ll “H
S !
g -1 i
[
o CTRL
-2 4= ADS
= ALC o0 o L
K00132 K04072 K04073
3 -
g2 o E P - °© -
) LT T -
g T _ 8% % : -7
P B v | ke
] e - -7 [EC:1.2.1.10]
< o B [
8 ° o :
2 ° "
517 :
[} '
o H
-2 4 |
S

Groups relative abundance for ALC and ADS patients and control group

K00128 K00129 K00138
Ethanol . ] éi; i T
HaC OH s | L4 -
14 °0° P Do
_ | ECc1.1.1.] g’ P L2
[EC:1.1.1.2] 8 ° . H;;
§ 097 - o
E -1 3 ' I
Hie” N0 -2 H 1B
-~ = ' '
Acetaldehyde & -2
[EC:1.2.1.3] 5 i i,
>
Acetate H3C s KOO-‘[—525 K01895 K01905 K13788
== =5l -
Ece211] O 2] °° ITs Jie
[EC6.21.13 A & 63 R
[EC:2.3.1.8] 81+ 8 5 l BI :
(3
Acetyl-CoA g 0 HI 5 I
HaC CoA g Pl
Y 1 SR
g o
O €,
o o o

Fig. 4 Potential of metabolic reactions related to alcohol metabolism in gut metagenomes. Boxplots show distribution of KEGG Orthology




Dubinkina et al. Microbiome (2017) 5:141

taxa, along with the Streptococcus and Lactobacillus,
could be transient food-associated microbes, there is a
growing body of evidence suggesting that levels of Bifi-
dobacterium can increase in pathologies like alcoholic
hepatitis [30] and inflammatory bowel diseases [31].
Opverall, it would be interesting to compare the shifts in
microbiota composition with detailed data on liver func-
tion assessed using additional methods like liver biopsy
(although the latter was not performed in our study as it
is not a required standard part of examination of such
patients and possesses certain risks).

Alcohol dependence syndrome was found to be the
second most important factor contributing to changes in
microbiota. Inter-individual variability of types and
amount of consumed drinks could have affected the
results—however, due to low reliability of self-reported
data on alcohol consumption, this was not in the focus
of the study. Considering the metagenomic signature,
the range of decreased autochthonous taxa in patients
suffering from alcoholic dependence was found to be
quite different from the ones of liver cirrhosis and in-
cludes many butyrate-producing taxa from the Clostri-
diales order, among them—Faecalibacterium prausnitzii,
Coprococcus eutactus, and Roseburia spp. Depletion of
the gut community potential for producing butyrate, a
vital “currency” metabolite providing anti-inflammatory
protection and oxidative stress amelioration in the gut,
is coupled with the uprise of opportunist species tolerant
to the reactive oxygen species (ROS), beneficiaries of the
inflammation: Enterococcus and members of Enterobac-
teriaceae family (including Escherichia and Klebsiella).
The intestinal domination of each of these opportunist
genera was previously found to be associated with a high
risk of bacteremia [32]. Due to an increased intestinal
permeability observed in alcoholics, the dominance of
these taxa is likely to lead to an increased passage of mi-
crobial products into lamina propria and trigger a stron-
ger immune response than in a healthy population with
similar community structures. Noteworthy, a strong as-
sociation of alcoholism with Clostridium sp. HGF2, a
species able to use carbon monoxide as an electron
donor, apparently reflects the selective advantage con-
veyed by this ability in inflammatory conditions [33].

We found that both alcohol dependence and liver cir-
rhosis have certain commonalities in their metagenomic
signatures. The central point is an increase of multiple
species belonging to Lactobacillus and Bifidobacterium
genera (although the precise set of differentially abun-
dant species varies between these two pathologies). ALC
patients tend to have a larger number of Lactobacillus
species increased in abundance (among them oral spe-
cies), while ADS patients are uniquely characterized by a
statistically significant increase of the whole genus. We
suggest that this could be associated with genus’ ability
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to metabolize alcohol and its products [34]. Noteworthy,
the detected increase of Bifidobacterium is contrary to
previous observations for the Japanese cohort of alco-
holics. We speculate that two important factors could
play role in contributing to these differences. The first
factor is genetic difference between the cohorts from the
two studies. Compared to the population of Russia, the
East Asian people often carry genetic variants of alcohol
metabolism genes that are associated with increased
acetaldehyde levels after ethanol consumption [35]. Be-
sides worse physiological responses to alcohol, this spe-
cific trait in the dynamics of ethanol degradation by the
host is likely to modulate the gut microbiota community
structure in the Japanese.

The second suggested factor is hazardous drinking
with consumption of manufactured ethanol-based liq-
uids not intended for consumption specific for Russia.
Nonbeverage alcohol is a potentially major contributor
to the mortality [36]. Its consumption results in higher
frequency of episodes of very high blood concentrations
of ethanol and its metabolites—comparing to heavy
drinkers who consume equal amounts of ethanol in the
form of beverage alcohol. Moreover, such surrogate
products contain toxic aliphatic alcohols [37]. Appar-
ently, these distinctive features also affect the way gut
microbiota is changed in ADS patients—possibly, leading
to increased fraction of Bifidobacterium in ADS patients
from Russia. Members of the genus are potentially im-
portant acetaldehyde accumulators—species able to ac-
cumulate acetaldehyde in the colon in mutagenic
concentrations [25]. Therefore, the observed enrichment
of this genus coupled with a significantly increased
abundance levels of microbial ADH and other genes re-
lated to alcohol metabolism in gut metagenomes sug-
gests that lumen microbiota of Russian ADS patients is
characterized by a high potential of acetaldehyde synthe-
sis thus contributing to the risk of colon carcinogenesis.

Furthermore, the detected dominance of the Bifido-
bacterium and Lactobacillus in patients with ADS and
ALC points out that application of probiotic products
based on the species from these two genera should be
reconsidered. These bacteria have a reputation of “bene-
ficial” agents in the human gut capable of anti-
inflammatory activities, protecting against pathogens.
Thus, they are being actively used for treatment of vari-
ous intestinal disorders including alcohol liver disease
[38]. However, our results showing enrichment of Lacto-
bacillus and Bifidobacterium in patients suffering from
alcohol dependence or liver disease suggest that these
microbes could be potentially detrimental. Thus, pre-
scription of the species to these types of patients should
be approached with caution.

An additional cause for the enrichment of these two
genera in guts of ADS and ALC patients could be due to
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involvement of these microbes in the “gut-microbiota-
brain” axis. There is a frequent rate of psychological and
psychiatric problems among patients suffering from al-
cohol abuse. One of the neuromediators playing a cen-
tral role in the effect of the alcohol on the brain is
serotonin [39]. Serotonin is linked to alcohol effects on
the brain, and its altered levels were shown to be associ-
ated with the alcohol-related depression. It is estimated
that around 80% of this neuromediator in a human or-
ganism is synthesized in the gut by enterochromaffin
cells, and its synthesis has been recently shown to be
regulated by the gut microbiota [40]. On the other hand,
certain species of Lactobacillus and Bifidobacterium
have been shown to have an effect on higher nervous
functions including the behavior, with some of the spe-
cies referred to as “psychobiotics” [41]. The shotgun
metagenomic approach used in our study provides
species-level resolution allowing one to distinguish be-
tween individual species Bifidobacterium and Lactobacil-
lus species (the species-resolving powers of shotgun
metagenomics are superior to the resolution of 16S
rRNA amplicon sequencing). One of the Bifidobacterium
species we found to be associated with liver cirrhosis is
B. dentium. This species has been recently shown to be
capable of producing large amounts of gamma-
aminobutyric acid (GABA), an important neurotransmit-
ter [42]. Based on these facts, we speculate that an in-
creased presence of Bifidobacterium and Lactobacillus
genera in the gut of alcoholics could reflect a compensa-
tory feedback of the microbiota to altered metabolism of
serotonin and other neuromediators in organisms of al-
coholics. Our hypothesis could be evaluated in further
experimental studies involving inoculation of germ-free
animal models with species isolated from the ADS and
ALC patients.

The gut dysbiosis observed in ALC and ADS patients
at the taxonomic level was manifested by pronounced
shifts at the level of the functional potential. Firstly, we
observed significant increase of the abundance levels of
the genes related to alcohol metabolism. Although this
result reflects the high potential of the gut community
to perform these reactions, the extent to which it mani-
fests could be validated by measuring the expression
levels using metatranscriptomic or metaproteomic tech-
niques. Our results extend the previous observations on
Japanese population showing that that feces of ADS pa-
tients display lower ethanol- and acetaldehyde-
metabolizing activities than control group [29]. The dif-
ference from that study might be linked to the fact that
the mentioned assay of fecal ethanol metabolism was
performed under aerobic conditions, while the intestinal
environment is anaerobic. The in vivo metabolic activity
of gut microbiota in ADS patients should be elucidated
using multi-omics experiments on larger cohorts.
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Further, among functions enriched in ALC patients
were glutathione metabolism (reflecting the functional
adaptation of microbiota to oxidative stress associated
with the inflammatory environment [43]), porphyrin me-
tabolism and biosynthesis of siderophore group nonribo-
somal peptides (likely related to the iron-scavenging
potential of gut pathobionts [44]), as well as ABC trans-
porters and PTS responsible for nutrient uptake. We ob-
served an increase in simple sugars metabolism
(fructose/mannose and galactose metabolism pathways)
previously reported to be enriched in subjects with in-
flammatory bowel disease in comparison with healthy
controls [24, 45]. The observed shifts in metabolic po-
tential of microbiota in our cohort of ADS patients were
different: the list of decreased functions included phenyl-
alanine, tyrosine, and tryptophan biosynthesis likely re-
lated to a decreased ability of the microbiota to
synthesize these amino acids characteristic of auxo-
trophic and pathobiont species [46]. As a common fea-
ture, the functions depleted in microbiota of both ALC
and ADS patients included bacterial chemotaxis and fla-
gellar assembly. Together with a strong increase of spe-
cific gene groups related to virulence factors and
metabolism of alcohol and its toxic metabolites, these
results signify that gut microbiota in alcoholics might
take active role in pathogenesis of associated comorbidi-
ties—to a different extent depending on the degree of
the liver damage. In the future, the identified gene
groups could be used as potential biomarkers in diag-
nostic kits for detecting gut microbiota alterations asso-
ciated with pathologies linked to alcoholism and
alcohol-related liver disease.

Conclusions

This metagenomic study disentangled the impact of two
main clinical factors—alcohol dependence and liver dys-
function—on the gut microbial community and its func-
tional potential in patients suffering from alcoholic
dependence. These two factors were associated with pro-
foundly different changes in the species-level compos-
ition, suggesting that the mechanisms of microbiota
involvement in the pathogenesis vary in patients with
different degrees of liver damage. While specific changes
associated with alcoholic dependence suggest the onset
of inflammatory environment in the gut, the hallmarks
of the liver cirrhosis are likely linked to the impaired bile
secretion. The observation that each of these pathologies
is associated with a different pool of Bifidobacterium
and Lactobacillus species suggests alterations of the gut-
microbiota-brain signaling in alcoholics involving these
clades. Overall, our associative findings related to iso-
lated species pave the way to understanding the altered
community-level ecology within the gut community in
alcohol-related diseases. Particularly, they lay the
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foundation for a personalized design of treatment of alco-
holism in patients with different degree of liver damage.
Based on patients’ microbiota composition, personalized
treatment would identify the most promising pro- or/and
prebiotics, as well as enable rational selection of individual
donor for fecal mass transplantation (FMT)—the method
whose therapeutic potential has already been demonstrated
for a large number of microbiota-linked pathologies [47].
Finally, the expressed enrichment of functions related to in-
flammation, virulence factors, and alcohol metabolism in
ALC and ADS patients suggest active contribution of gut
microbiota to formation of psychiatric symptoms of alco-
holic dependence, as well as to the increased risk of serious
diseases associated with alcohol abuse.

Methods

Patients and samples

The cohort was assembled in three clinical centers
(Moscow Clinical Scientific Center, Moscow; Narcology
Dispensary of Republic of Tatarstan, Kazan; Saint-
Petersburg Bekhterev Psychoneurological Research Insti-
tute, Saint-Petersburg) and included 99 patients with the
diagnosis “alcohol dependence syndrome” (F10.(1-3) ac-
cording to ICD-10) or “alcoholic liver cirrhosis” (K70.3(0-
1) according to ICD-10) with age of 20 to 60 years old.

For both groups, the exclusion criteria included the
presence of nonalcoholic liver diseases, decompensated
diseases of other body systems, the use of pro- and/or
prebiotics, nonsteroidal anti-inflammatory drugs, antibi-
otics, and proton pump inhibitors less than 1 month
prior to the sample collection, abdominal surgery less
than 3 months prior to the sample collection, alcoholic
hepatic coma, and nonalcoholic liver diseases (including
hepatitis B, C, and HIV). For the ALC cohort, the inclu-
sion criteria were the presence of the alcoholic liver cir-
rhosis (all patients had the signs of portal hypertension)
and alcohol abuse history; the exclusion criteria were the
stool changes and bowel movement frequency. For the
ADS, the inclusion criteria were the presence of alcohol
dependence syndrome and the alcohol abuse history of
at least 8 years. The exclusion criteria specific for the
ADS cohort included any signs of severe liver dysfunc-
tion: the decrease of either thrombocytes, albumin, or
prothrombin as well as the increase of INR.

Diagnostic criteria for the ALC patients were as fol-
lows: elevated liver enzymes (more than twice the UNL),
AST to ALT ratio higher than 2:1, elevated GGT
(gamma glutamyl transferase), decreased level of albu-
min and international normalized ratio (INR), and signs
of portal hypertension (esophageal varices, ascites).

Sample collection and metagenomic sequencing
Stool samples were collected from the subjects, stored
and subjected to DNA extraction as described before
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[22]. Shotgun metagenomic libraries preparation and se-
quencing were performed using SOLiD 5500 platform
(Life Technology, USA) with the following reagent Kkits:
5500 SOLiD Fragment Library Core Kit, SOLIiD Frag-
ment Library Barcoding Kit, SOLiD FlowChip Kit,
SOLiD FWD SR S50 Kit, and SOLiD Run Cycle Buffer
Kit. Barcoded fragment (nonpaired) read libraries were
created from 5 pg of total DNA for each sample. The
resulting read length was 50 bp.

Taxonomic analysis of the metagenomes

The analysis of the raw metagenomic reads included
quality preprocessing followed by the identification of
taxonomic and functional composition (semiquantitative
profiling of the abundance of the microbial taxa and
functional gene groups, respectively). These analyses
were performed as described before [22, 48], with the
modification of the references. The reference sets in-
cluded a nonredundant set of 353 gut microbial ge-
nomes (for the taxonomic analysis) [49] and a gut
microbial gene catalogue of 9.9 mln genes (for the func-
tional analysis) [50].

As an additional method for taxonomic profiling, we
used MetaPhlAn v2.0 software based on the identifica-
tion of unique clade-specific genetic sequences [21]. The
read alignment step of MetaPhlAn was performed using
Bowtie [51]. For the MetaFast analysis [23], the color-
space SOLiD metagenomic reads of the patients and
control group were subjected to human sequences filter-
ing, error correction using SAET, and conversion to
base-space format. The MetaFast was used with the de-
fault settings. The metagenomes were hierarchically
clustered using the dissimilarity matrix; the outliers were
defined as the metagenomes belonging to the smaller
branch after cutting the clustering tree at the top level.

Functional analysis of the metagenomes

The KEGG metabolic pathways differentially abundant
between two groups of metagenomes were identified
using piano R [52] package (parameters: gene set ana-
lysis using “reporter feature algorithm,” significance as-
sessment using “gene sampling,” pathway significance
threshold: adj. p < 0.05; only the pathways where at least
half of the KO terms were differentially abundant were
considered).

The reference gene groups associated with alcohol me-
tabolism were selected from the KEGG metabolic path-
ways; their sequences related to prokaryotes were
obtained. The reference sequences of genes encoding
virulence factors were downloaded from the VFDB data-
base (Virulence Factors Database) containing nucleotide
sequences of 2585 genes [53].

For each virulence factor gene, the homologous genes
were identified in the 9.9 mln gene catalogue using
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BLAST (similarity criterion: e value < 107°, percent iden-
tity >80% for >80% of length). For each metagenome,
the relative abundance of each reference gene was calcu-
lated by summing the abundance values of the similar
genes from the abovementioned catalogue. The relative
abundance of a gene from the catalogue was calculated
as the number of the reads mapped to the gene normal-
ized by the gene length and the total number of the
reads mapped to the catalogue. Highly similar matches
in the catalogue were identified for 402 of the 2585 gene
sequences present in the VFDB.

The microbial genes related to the metabolism of alco-
hol/bile acids were selected from the catalogue basing
on the original KO annotation of the catalogue. Relative
abundance of each KO group was determined as the
summary abundance of all genes belonging to that KO

group.

External metagenomic data

During the comparative analysis, the gut metagenomes
from the healthy Russian population were used as an ex-
ternal control group (60 samples matched by the age
and BMI to the ADS and ALC patients were selected
from the original set of 96 metagenomes) [22]. The fol-
lowing published datasets were used for the multidimen-
sional visualization: healthy subjects, patients with
alcoholic and nonalcoholic liver cirrhosis from China
(n = 69, 34 and 81) [16, 54]; healthy subjects from the
USA (n = 139) [55] and Denmark (z = 85) [56].

Statistical analysis

Statistical analysis of the microbial compositional data
was performed in R [57]. The pairwise dissimilarity be-
tween the community structures was assessed using
Bray-Curtis measure. The taxa or genes differentially
abundant between the groups of the metagenomes were
identified using Mann-Whitney rank test (multiple com-
parison adjustment using Benjamini-Hochberg (FDR),
significance threshold: adjusted p < 0.01). For the com-
parative analysis, only the genera and species with the
abundance of > 1 and > 0.1%, respectively, in at least one
of the samples were included.

For the analysis of the impact of each clinical factor on
the gut community structure, the list of the factors in-
cluded gender, age, the presence of alcohol dependence,
and the presence of liver cirrhosis. Firstly, the effect of
each of the factors on the overall community structure
was assessed using PERMANOVA with Bray-Curtis dis-
similarity metric. Then the resulting factors significantly
associated with the taxonomic composition were in-
cluded into the multifactor analysis using MaAsLin
package (https://huttenhower.sph.harvard.edu/maaslin).
The relative abundance values of the taxa were treated

Page 12 of 14

as the dependent variables. The model scheme for each
microbial genus/species can be summarized as follows:
relative abundance of genus/species~alcoholic depend-
ence + liver cirrhosis + gender
For each subject, the factors “alcoholic dependence”
and “liver cirrhosis” were assigned the values “yes” or
“no” according to the group of the subject:

Group Alcoholic dependence Liver cirrhosis
ADS Yes No
ALC Yes Yes
Control No No

Low-abundant taxa were filtered as described above
(the final list of the taxa included 73 genera and 262
species). The MaAsLin method was used with the
following parameters: the significance level was 0.05 and
the dMinSamp parameter was used to limit the analysis
to the taxa that were abundant at the level of >0.01% in
at least 10 samples.

The ranks of oral microbial species were compared as
follows. Suppose N is the number of the species detected
in at least one sample. For each sample, all N species were
sorted in the decreasing order of abundance and assigned
ranks (1—the most abundant, N—the least abundant; the
species not detected in the sample were assigned N + 1).
For each species, the respective vectors of microbial ranks
were compared using Mann-Whitney test (significance
threshold: p < 0.05).
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