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Abstract

Background: Liver cirrhosis is a major public health problem, accounting for high rates of morbidity and mortality
worldwide. The cirrhosis etiology is a broad and essential step in planning a treatment strategy. Many recent studies
have documented that gut microbiome alterations play a vital role in the development and progression of cirrho-
sis and its complications. Nevertheless, there is insufficient data on the correlation between liver cirrhosis and gut
phageome alterations in patients with advanced liver diseases. This study aimed to analyze the taxonomic structure
and functional attributes of the gut phageome in six different etiologies of advanced liver cirrhosis.

Methods: We first retrieved metagenomic sequencing data from three datasets of fecal samples taken from cirrhotic
patients with various etiologies. Subsequently, several bioinformatics pipelines were used to analyze bacteriophage

composition and determine their functionality.

Results: A gene catalog of 479,425 non-redundant genes was developed as a reference to measure gene prevalence.
The results of the analysis revealed a few significant differences among the cohorts at the phage species level. How-
ever, the alternations were more evident as there were more in-depth analyses of the functional resolution of the gut

phageome.

Conclusions: Our findings suggest that the functional analysis of the gut phageome would provide meaningful
markers to predict the progression of liver cirrhosis and facilitate the development of novel treatment approaches.
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Introduction

The human gut microbiome comprises an extremely
diverse and complex community of microorganisms and
is a highly dynamic ecosystem affecting the host health
status and accelerating the disease progression [1]. There
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has been an increased interest in understanding the role
of the gut microbiome in developing metabolic disor-
ders, with some studies sparing efforts to elucidate the
functional significance of the microbiome in the pro-
gression of liver diseases [2, 3]. Nowadays, the metagen-
omics analysis of the human-associated microbiome
provides a rich set of microbial features for prediction
and biomarker discovery in the context of human dis-
eases and health conditions [4]. Among these diseases,
liver disorders annually account for about 2 million
deaths worldwide, in which more than 1 million cases
are diagnosed with liver cirrhosis complications [5]. Liver

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-6813-0229
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13099-022-00482-4&domain=pdf

Naseri et al. Gut Pathogens (2022) 14:9

cirrhosis is an irreversible end result of a long-lasting
clinical course of several chronic liver diseases, which are
commonly a consequence of long-term alcohol abuse,
infection with hepatitis viruses, nonalcoholic fatty liver
disease, etc. [6, 7]. More importantly, the human gut
microbiome seems to play a vital role in the development
and progression of cirrhosis [8, 9]. For example, Loomba
et al. conducted a study to identify the gut microbiome
signatures of advanced fibrosis in patients with Nonalco-
holic Fatty Liver Disease (NAFLD) [10]. Similarly, Zhao
et al. characterized the gut microbiota composition and
the functional annotations of Chinese children and ado-
lescents with NAFLD [11].

To date, most microbiome studies have focused on the
bacterial composition of the human gut, and less atten-
tion has been paid to the detailed analysis of the whole
community of viruses and bacteriophages, henceforth
called virome and phageome, respectively [12, 13]. More
recently, the contribution of phage populations to the gut
microbiome ecology and their effects on human health
and diseases has been to be deciphered. Emerging data
indicate that gut-associated phages can play a significant
role in gastrointestinal physiology by regulating bacterial
density, maintaining biodiversity, and controlling net-
work interactions among the gut bacterial communities
[14-16].

Previously, healthy individuals were assumed to have a
stable gut phageome, which predominantly constituted
of non-enveloped double-stranded DNA (dsDNA) Cau-
dovirales or single-stranded DNA (ssDNA) Microviridae,
as well as ssDNA filamentous phages, i.e., Inoviridae,
reproduced by chronic infection without killing their
host [17-19]. Interestingly, any compositional changes
in the gut phageome could be associated with a variety
of gut-related and systemic disorders such as inflam-
matory bowel diseases (IBD) [14], AIDS [20], and even
malnutrition [21]. For example, an in-depth metagen-
omics analysis revealed a significant increase in the
number of enteric Caudovirales phages in patients with
Crohn’s disease (CD) and ulcerative colitis (UC) [14]. Ma
et al. carried out the first study exploring the large and
diverse communities of gut phages in type II diabetes and
declared the significance of the phageome in type II dia-
betes [22]. However, these investigations address a key
obstacle: there is currently no single recognized database
of annotated virus genome sequences, and de novo pre-
diction of virus sequences from metagenomic assemblies
has remained a remarkable challenge.

It is worth mentioning that little attention has been
paid to detecting the role of gut phageome in liver dis-
eases; hence, future studies need to delve into the char-
acteristics of the gut phageome in various liver disorders.
Moreover, access to a reference gene catalog is inevitable
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to deeply investigate microbial environments such as
the human gut. Accordingly, there have been several
attempts to construct specific human microbiome gene
catalogs containing several types of microorganisms,
mainly bacterial species [23]. In this regard, a better
understanding of the phage content of the human gut
depends on access to a comprehensive gene catalog of
the gut phageome. In the present study, we adopted three
bioinformatic strategies to identify the large scaffolds of
phage origin to investigate the structural and functional
composition of gut phageome in several etiologies of liver
diseases. This is the first study to correlate the gut phage-
ome with liver cirrhosis to provide valuable insights into
the design of novel phage-related markers in monitoring
liver disease progression and its treatment.

Methods

Input data characteristics and collection procedure

In this study, three previously published metagen-
omic datasets were employed for the analyses. In this
regard, three metagenomic datasets were obtained from
the National Center for Biotechnology Information’s
(NCBI’s) Sequence Read Archive (SRA) to investigate the
gut phageome of cirrhotic patients from structural and
functional aspects deeply. The total number of partici-
pants with liver cirrhosis in these three studies was 139,
of whom 98 samples belonged to the Chinese popula-
tion (PRJEB6337). The dataset of the Chinese population
was categorized as alcohol-induced cirrhosis (Chinese
ALC, n=10), hepatitis B virus-related cirrhosis (Chi-
nese HBV, n=30), a combination of hepatitis B virus and
alcohol-related cirrhosis (Chinese ALC-HBV) (n=24),
and other etiologies (e.g., hepatitis C, E, and D virus,
etc; n=34) [24]. The metagenomic dataset, which was
reported by Tyakht et al. and obtained from 27 Russian
patients with alcohol-related cirrhosis, was included as
the Russian ALC cohort (PRJNA373901) [25]. Finally, 14
nonalcoholic fatty liver disease (NAFLD) patients with
advanced-stage fibrosis, who were evaluated by Loomba
et al., were included as the NAFLD cohort (PRJEB18041)
[10]. The quality of the sequencing reads was verified
using FastQC software before further analysis [26]. Fur-
thermore, the host residual genome content was checked
in gut metagenomic data by aligning the reads to human
reference genome hg38 using Bowtie2 [27]. Finally, due
to the batch effects of different groups, the remove batch
effect function was considered from the limma package
[28].

Phage catalog construction

The main objective of this study was to construct the
gut phage catalog facilitating the structural and func-
tional analysis for the phageome of liver cirrhosis. To
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this end, the proposed approach encompassed three dif-  strategies were integrated into one single gene catalog,
ferent strategies, as illustrated in Fig. 1. Furthermore, and CD-HIT [33] was then applied to remove redundant
the high-quality metagenomic reads were analyzed by  genes (with a 90% similarity threshold).

the FastViromeExplorer tool [29] to determine the gut

phage composition in various etiologies of cirrhosis. The = Phage community analysis and taxonomic profiling
genetic sequences of known strains were identified by = Before any phage community analysis, several filtrations
FastViromeExplorer and retrieved from the NCBI Ref-  were applied on phage species, genus, and family reso-
seq. Furthermore, we spared our efforts to determine all  lutions to eliminate the wrong and pseudo correlations.
spacers from the 139 assembled metagenomic samples  Accordingly, a taxon with <0.001 prevalence in more
to improve the generality of our catalog. In this regard, than five samples was removed. The Vegans [34] and
metagenomic assembly was performed by MEGAHIT Phyloseq R [35] packages were used to measure the dis-
[30], and CRISPRFinder [31] was then used to predict similarity and alpha diversity (i.e., ACE, Shannon, and
all potential spacers in a unified assembled file. These  Simpson indices), respectively. The differences among the
spacers were mapped to a locally developed database of  mentioned variables in several phenotypes were detected
all available phages, which was made by integrating the by the ANOVA test. Further statistical analysis and visu-
phage sequences of NCBI and phage database (https://  alization steps were conducted using ggplot2 R packages
phagesdb.org/). We also prepared a comprehensive data-  [36].

base encompassing the genome of all known phages from

distinct resources. Accordingly, 50,740 and 2816 phage Functional analysis of human gut phageome

genomes were obtained from NCBI and phagesDB, We developed a phage gene catalog to identify the puta-
respectively. This database would provide the grounds for ~ tive biochemical interaction networks between the
the more accurate and efficient investigation and identi- gut phageome and microbiome. Accordingly, the raw
fication of gut phageome. Further, MetaGeneMark with  metagenomic samples were mapped to the gene cata-
default flags was used to generate the nucleic acid and log by the MOSAIK aligner [37], and samtools idxstats
amino acid sequences related to the predicted genes from  [38] were then used to determine the frequency of each
the assembled file. Moreover, the protein sequences of covered gene in each sample. Differentially prevalent
the predicted genes were mapped to the previously men-  genes in each cohort were normalized and extracted by
tioned local phage database by the DIAMOND align- the edgeR package [26]. In the next step, we investigated
ment tool [32]. Finally, all genes identified by the three the gene sets specific for each etiology based on their
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Fig. 1 A schematic overview of the method proposed for developing phage gene-catalog. The pipeline used three strategies to construct the gut
phage catalog to facilitate the taxonomic and functional analysis of the gut phageome in liver cirrhosis



https://phagesdb.org/
https://phagesdb.org/

Naseri et al. Gut Pathogens (2022) 14:9

abundance and statistical test analysis. Accordingly, we
found the specific and significantly related gene sets for
each etiology by using edgeR based on the fold change
and adjusted p-value. Then common genes among dif-
ferent groups were omitted and the rest of them were
extracted and assigned as an etiology-specific gene set.
Afterward, the GhostKOALA tool [39] was applied to
detect the KEGG orthology of the genes.

Gene annotation of the differentially prevalent genes

In addition to the KO analysis, the functional annota-
tion of the genes extracted by edgeR was performed by
comparing the genes in different databases, including the
GenBank, COG [40], eggNOG 4.5 [41], and Pfam [42]
using RPS-BLAST [43] with an e-value cutoff of 1e—10.
The annotation results were visualized by FuncTree2 [44].

Results

Phage gene catalog construction and core phageome

in liver cirrhosis

Before applying the structural and functional analysis,
a phage gene catalog of distinct etiologies of liver cir-
rhosis was developed in this study. Using three bioin-
formatic strategies, we recognized large phage scaffolds
from the assembled scaffolds of the metagenomic data,
including 479,425 non-redundant genes (the phage scaf-
folds were searched by (1) spacers of CRISPRs, (2) the
known scaffolds were identified by FastViromeExplorer,
and (3) the scaffold encoded proteins homologous to the
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proteins from a locally database of phages). As shown
in Fig. 2A, the highest proportion of genes (35%) in the
catalog belonged to unclassified phages, followed by the
phage genes of the family Siphoviridae (30%). The unclas-
sified phage scaffolds of the catalog could be an appro-
priate source for further analysis to detect and propose
novel phage genes and strains. The large phage scaffolds
ranged from 18 to 257 kb in length, consistent with the
long-range of phage genomes in the family Siphoviridae
(Fig. 2B).

This study investigated the core phageome of distinct
etiologies of liver cirrhosis using three bioinformatic
strategies. Although most of the detected large phage
scaffolds were unique to each sample, 21 phage species
were found to be common among all cohorts and defined
as the core phageome in cirrhosis, as existed in more
than two-thirds of the fecal samples of cirrhotic patients
(Fig. 3). Among the 21 phages, uncultured crAssphage
(NC_024711.1) was the most prevalent strain in all
cohorts.

Enteric phage diversity and gut phageome composition

in various cirrhotic groups

To find any specific alternation in the gut phageome
among cirrhotic patients with an individual etiology, we
first tried to identify the phage diversity in the cirrhotic
cohorts with various etiologies. According to the FastVi-
romeExplorer, 258 phage strains were unique to only one
etiology. Increasing or decreasing a-diversity in phage
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composition among the different cirrhotic groups was
examined using the Simpson index. Phage richness was
not statistically different among the cirrhotic cohorts;
however, there was a slight nonsignificant tendency for
reduction of a-diversity in the Chinese ALC cohort by
reduced Simpson index (Fig. 4).

The relative frequency analysis at the family level
(with 14 different families) revealed Siphoviridae as the

most prevalent family in all cirrhotic cohorts, followed
by Podoviridae and Myoviridae (Fig. 5). Individually, the
analyses indicated that the Retroviridae family had been
eliminated in the Chinese ALC and NAFLD groups.
Moreover, post hoc pairwise analysis indicated that
Introviridae showed a higher relative prevalence in the
NAFLD group compared to the other groups. An analysis
of the relative prevalence of phage taxa among Chinese
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Fig. 4 Bacteriophage population a-diversity (Simpson index) in cirrhotic patients with various etiologies
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cohorts revealed no significant difference among them at
the family level regarding the etiology of cirrhosis, imply-
ing that the gut phageome could be strongly affected by
geographical, racial, social, and dietary factors.

In the next step, we assessed phage species detectable
only in one cirrhotic cohort to identify the presence or
the absence of individual phage species and find a phage-
ome signature in each etiology. Our analysis revealed
that the Pseudomonas virus Pfl phage, which belonged
to the Inoviridae family, was only detected in the NAFLD
group. Remarkably, Leuconostoc and Lactococcus phages
belonging to the family Siphoviridae were identified
as the individualized phage strains in the Russian ALC
group. Interestingly, the results of the present study also
indicated that most of the phages in the Chines cohorts
were specific to the Enterobacteriaceae hosts, particularly
Klebsiella spp. Figure 6 illustrates the individual phage
richness in each cirrhotic group exhaustively.

To investigate phage compositional differences between
Chines cirrhotic patients with different etiologies (i.e.,
Chines ALC and Chines HBV), we analyzed the preva-
lence of phage species unique to each group. According
to the findings, four phages of the family Siphoviridae
with completely different prevalence rates were identi-
fied in the Chines HBV and Chines ALC cohorts. These
phages belonged to the unclassified Siphoviridae group
(Enterobacteria phage cdtl and Enterobacteria phage
mEp460) and the genus Lambdavirus (Escherichia virus
Lambda and Escherichia phage HK629). As presented in
Fig. 7, all four phages had higher frequencies in the Chi-
nese HBV group. Moreover, we compared the NAFLD

and ALC (i.e., Chinese ALC and Russian ALC) groups
regarding the composition of the phage community at the
species level. Notably, the uncultured phage crAssphage
from the Podoviridae family was significantly higher in
the NAFLD group compared to the ALC cohorts.

Functional annotation of the enriched gene sets

We also aimed to investigate functional markers as suit-
able predictive factors for each case of liver cirrhosis with
different etiologies. Accordingly, by mapping each of the
139 samples to the constructed phage gene catalog, the
prevalence of each gene in each sample was measured
and then normalized based on the TMM normalization
method of the edgeR package. Additional files 1, 2, 3, 4
and 5 present the frequencies of specific genes for each
liver cirrhosis etiology.

Furthermore, the KEGG orthology (KO) analysis was
carried out to deeply understand the exact biological
mechanisms in the phage community of the human gut in
different liver cirrhosis. To this end, the specific mapped
genes in each phenotype were firstly extracted, and
GkostKOALA was then used to determine the KOs of
each phenotype. According to our analysis, K00986 and
K06905 were the most common in all cirrhotic groups,
which were related to RNA-directed DNA polymerase
and uncharacterized protein, respectively. Comparatively,
the Russian ALC and NAFLD phenotypes had the most
distinct KOs with the frequency of 87 and 36 numbers,
respectively (Additional file 6). More importantly, regard-
ing KOs, the samples belonging to the same phenotype
had the highest similarity. As shown in Fig. 8, KO can be
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a proper discriminating feature compared to taxonomic
and other genomic features in classifying different eti-
ologies of liver cirrhosis. According to the PCA analysis,
taxonomic features cannot be proper markers to classify
different etiologies of liver disorders. However, the KO

functional analysis of the gut phageome could be a prac-
tical approach to discriminate liver cirrhosis with various
etiologies. Figure 9 shows the functional annotation of
the phageome genes identified in the cirrhotic patients
based on KO analysis. Carbohydrate active enzyme was
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specific KEGG pathway in Chinese ALC group, while
homoacetogenesis was unique pathway for Russian ALC
casese. Moreover, transporters and saccharide synthesis
pathway were spesefic KOs in NAFLD cohort. Nucleic
acid metabolism and amino acid utilization biosynthesis
metabolism were the common pathways identified in all
of cirrhotic groups. Additional file 7: Figure S1 provide
further information that revealed the results of Func-
Tree2 based on KO analysis in each cirrhotic cohort.

Discussion

Advances in next-generation sequencing and metagen-
omic analyses have facilitated the investigation of the
relationship between the human gut microbiome with
individuals’ health and diseases. Although existing
knowledge on the role of the gut microbiome in human
health mainly comes from the analysis of diversity and
the composition of the bacterial community, little is
explored about those of phages [45]. To the best of our
knowledge, this study was the first to explore the gut
phageome of patients with liver diseases from a structural
and functional perspective. Accordingly, sophisticated
bioinformatic methods were adopted to characterize

the phageome in fecal samples from cirrhotic patients
with different etiologies in previously published studies.
Moreover, we examined the total gut phageome of liver
disorders at three levels, namely taxonomic classification,
gene catalog construction, and KO analysis.

We analyzed gut phageome composition in cirrhotic
patients with different etiologies using the custom
method and detected no change in a- and B-diversities.
This finding is in agreement with the findings in our pre-
vious study, indicating no evidence of a significant dif-
ference in bacterial community diversity. On the other
hand, our comparative evaluation revealed some differ-
ences in the enteric phageome in different cohorts at the
family level. This was significantly observed in Chinese
ALC and NAFLD cohorts, in which the Retroviridae fam-
ily was eliminated. Although this change was observed in
the Chinese ALC cohort, no significant expansion of the
taxonomic richness of Retroviridae phages was noticed in
the Russian ALC samples. These findings are particularly
interesting as the samples were collected from cirrhotic
patients with a specific etiology (i.e., alcohol-induced
cirrhosis) at two independent and geographically dis-
tinct regions. These findings would suggest geography,
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ethnicity, or lifestyle-based alterations in gut phageome
communities. In a study by Pérez-Brocal et al. [46], phage
strains from the family Retroviridae were more prevalent
in IBD patients than in normal controls.

Interestingly, we found a phage signature in each etiol-
ogy by determining individualized phage strains in each
cohort. The comparison of the cohorts indicated that gut
phageome could be unique at the strain level among cir-
rhotic patients concerning the etiology. For example, the
results revealed that Pf1 phage belonging to the family
Inoviridae was significantly overrepresented in NAFLD
patients and that the other cohorts exhibited the total
disappearance of this phage. Pfl infects Pseudomonas
aeruginosa strains and contributes to bacterial short-
term evolution and virulence [47]. In another exam-
ple, we indicated that two phage species in the genus
Lambdavirus (namely Escherichia virus Lambda and
Escherichia phage HK629) were more prevalent in the
Chines HBV than the Chines ALC cohorts. As described,

the human gut microbiome is expected to be strongly
affected by the activity of the phage composition [17].
Accordingly, the increased prevalence of certain phages
could be accompanied by specific dynamic interactions
with their bacterial and human hosts [48-50]. There-
fore, considering its specific etiology, such phage over-
representation detected in our analysis may impose some
alterations in the gut bacterial community in cirrhosis.
More importantly, these data could be applied to detect
whether the gut phageome signature is predictive of the
diagnosis of liver cirrhosis induced by a specific etiol-
ogy. However, some data in the present study suggested
geography, ethnicity, or lifestyle-based alterations in the
gut phageome of the cohorts. For example, compared to
the other cohorts, the Chines cirrhotic cohorts phage-
ome, regardless of their etiology, was characterized with
remarkably overrepresented certain Enterobacteriaceae-
specific phage groups, including those specific to Kleb-
siella and Salmonella spp. Another significant finding of
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our analysis was the significant differences in the rich-
ness of the gut phageome between the Russian ALC and
the Chines ALC patients. Although the etiology of these
patients was alcoholic cirrhosis, the Russian ALC exhib-
ited a specific expansion of Lactobacillus and Leuconos-
toc-specific phages. In contrast, the predominant phages
in the Chines ALC cohort were Enterobacteriaceae-spe-
cific strains.

Given that the taxonomic resolution of the gut phage-
ome in liver cirrhosis with different etiologies can be
similar and that their functionality can differ in several
etiologies, we aimed to investigate the gut phageome in
liver cirrhosis using a novel and comprehensive gut gene
catalog for the 139 cirrhotic patients from different eti-
ologies. We found that the core phageome of cirrhotic
patients consists of at least 21 phage species, suggesting
that these phages could be used to characterize cirrhosis
by the gut phageome composition. However, these data
do not account for temporal dynamics among the gut
phageome, intestinal bacterial community, and the host.
Accordingly, the findings on these phage categories are
conservative and may need to be retested with temporal
data from more subjects. Among these 21 phages, the
newly-identified uncultured crAssphage (NC_024711.1)
was the predominant strain in cirrhotic patients. More-
over, this phage is also known to be a highly prevalent
phage in the unknown sequences of human fecal metage-
nomes [51]. Bacterial species belonging to the phylum
Bacteroidetes, commonly found in gut mucosal micro-
biota, were predicted to be the host of phage crAssphage
[52].

To the best of our knowledge, a phage gene catalog
of distinct etiologies of liver cirrhosis was developed
in this study for the first time. Remarkably, due to the
lack of phage reference genomes and the high com-
plexity of whole-community metagenomic sequencing
data, it is challenging to discriminate phage and bacte-
rial sequences in metagenomic datasets. In this study,
the three different strategies, including CRISPR-based
analysis, scaffolds generating by FastViromeExplorer, and
scaffold generating by homologous proteins were applied
to overcome the complications of constructing the gut
phage catalog from whole-community metagenomic
sequencing data. The largest majority of the identified
phage scaffolds by our analysis were assigned as unclas-
sified phages. The second majority of the identified phage
scaffold in the current catalog was taxonomically related
to the Siphoviridae family.

According to the results, we suggest that the signifi-
cant discriminating features should be increased by
using the functional analysis. As illustrated in Fig. 8,
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the PCA analysis results at both gene and KO levels
revealed that KO might be a more accurate feature to
predict the etiology of liver disorders; hence, more pre-
cise treatment and disease management protocols need
to be developed and prescribed. KO can be considered
as a more suitable discriminating feature in classify-
ing different etiologies of liver cirrhosis, compared to
taxonomic and even genomic features. Considerably,
“K00986” and “K06905” were common in all six differ-
ent groups. In this regard, the former is related to RNA-
directed DNA polymerase, and the latter is related to an
uncharacterized protein. Remarkably, each cohort has
a significant number of KOs, for example, the NAFLD
group has 36 dedicated KOs. Accordingly, the KO anal-
ysis could help more deeply investigate the exact func-
tion of the gut phageome, particularly in liver cirrhosis
with different etiologies.

Our deep understanding of the composition and func-
tion of the gut phaegome in patients with liver diseases
compared to healthy individuals can help guide us to find
a unique “fingerprint marking” that may play a role in
inter-individual phenotypic variation in disease develop-
ment, prognosis, progression, and even response to treat-
ment. In addition, further investigation could open new
insights into the potential therapeutic benefits of phages
in liver diseases. In the recent decade, some clinical trials
have investigated the safety and efficacy of phage therapy
for gastrointestinal diseases. Phage-based therapy for the
treatment of patients with alcoholic liver disease was sug-
gested previously by Duan et al. [53]. However, further
clinical trials with a larger cohort are to validate these
novel therapeutic approaches for patients with alcoholic
cirrhosis.

Conclusions

For decades, scientists have mainly disregarded the role
of the gut microbiome as a potential modulator in the
development and progression of gastrointestinal tract
diseases, including liver diseases. In the current study, we
found some specific taxonomic and functional alterna-
tions in the gut phageome among cirrhotic patients with
distinct etiologies. Pseudomonas virus Pfl phage and
uncultured phage crAssphage have been eliminated in
the NAFLD patients individually. However, our findings
indicated that KEGG orthology analysis of the gut phage-
ome can be a suitable discriminating feature compared to
taxonomic and other genomic features in classifying dif-
ferent etiologies of liver cirrhosis In addition to focusing
on the composition of phageome in liver diseases, inves-
tigating its functional features might also be insightful.
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