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ABSTRACT

GMrepo (data repository for Gut Microbiota) is a
database of curated and consistently annotated hu-
man gut metagenomes. Its main purposes are to
increase the reusability and accessibility of human
gut metagenomic data, and enable cross-project and
phenotype comparisons. To achieve these goals,
we performed manual curation on the meta-data
and organized the datasets in a phenotype-centric
manner. GMrepo v2 contains 353 projects and
71,642 runs/samples, which are significantly in-
creased from the previous version. Among these
runs/samples, 45,111 and 26,531 were obtained by
16S rRNA amplicon and whole-genome metage-
nomics sequencing, respectively. We also increased
the number of phenotypes from 92 to 133. In ad-
dition, we introduced disease-marker identification
and cross-project/phenotype comparison. We first
identified disease markers between two phenotypes
(e.g. health versus diseases) on a per-project basis
for selected projects. We then compared the identi-
fied markers for each phenotype pair across datasets
to facilitate the identification of consistent micro-
bial markers across datasets. Finally, we provided
a marker-centric view to allow users to check if a
marker has different trends in different diseases. So
far, GMrepo includes 592 marker taxa (350 species

and 242 genera) for 47 phenotype pairs, identified
from 83 selected projects. GMrepo v2 is freely avail-
able at: https://gmrepo.humangut.info.

INTRODUCTION

Gut microbiota is important in maintaining normal phys-
iology of host throughout life (1–4). Growing evidence
suggests that microbiota disruption can affect the im-
mune function (5,6), metabolism (7,8), energy production
(9,10) and cause various diseases (11–18). Many factors
including age (19), sex (20), body-mass-index (BMI) (21),
country, environment (22), genetics (23), diet (24) and re-
cent antibiotics usage (25) can influence composition of gut
microbial communities (26). In recent years, the study of
the impact of gut microbiota on human health is a rapidly
moving field of research and has been widely considered as
an exciting advancement in biomedicine (27–29). Increasing
numbers of human gut metagenomic data (including both
16S amplicon and shotgun metagenomics sequencing data)
has been rapidly generated. Raw sequencing data are often
deposited into several general purpose databases, includ-
ing European Nucleotide Archive (ENA) (30) (https://www.
ebi.ac.uk/ena) and NCBI Sequence Read Archive (SRA)
(31) (https://www.ncbi.nlm.nih.gov/sra); in addition, sev-
eral other public resources, including MGnify (32), gcMeta
(33) and Qiita (34) have collected processed data and
organized them according to the habitats from which
the samples were taken, while gutMDisorder (35), GIM-
ICA (36) and DISBIOME (37) have linked gut micro-
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biota dysbiosis with various human diseases. These exist-
ing databases greatly promoted data reuse. However, ob-
stacles of the reusability and accessibility of the rapidly
growing human metagenomic data still remain, especially
the inaccurate and/or incomplete phenotype information
and/or missing metadata; for example, our previous anal-
ysis revealed that ∼30% of gut metagenomic samples did
not have any of the three basic information including
age, gender and BMI, even after several rounds of man-
ual curation (38). Recently, curatedMetagenomicData, a
curated metagenomic data resource became available; it
provides standardized, curated human microbiome data
with pre-calculated taxonomic and functional annotations
(39), which will greatly facilitate data reusability and pro-
mote novel analysis of human metagenomics. However,
it is available as a R package and might be difficult to
use for non-R users; in addition, cross-project compar-
isons are not straightforward in curatedMetagenomicData
such as the prevalence of a species of interests across sam-
ples of multiple diseases and whether a disease marker
species is specific to that disease or shared by multiple
diseases.

In 2020, we introduced GMrepo v1 (data repository
for Gut Microbiota) (38) as an online database of cu-
rated and consistently annotated human gut metagenomes
to facilitate the reusability and accessibility of the in-
creasing human metagenomic data. We performed ex-
tensive meta-data curation for each collected run/sample
and include all possible related meta-data, such as age,
sex, country, body-mass-index (BMI) and recent antibi-
otics usage. Further, we consistently annotated micro-
bial contents by assigning the sequencing reads to taxo-
nomic units and pre-computed species/genus relative abun-
dances using state-of-the-art toolsets. We organized the
collected samples based on their associated phenotypes
and added within- and cross-phenotype statistics includ-
ing taxonomic abundances, prevalence and co-occurrences,
to facilitate researchers to easily explore the distribu-
tion of a species/genus in diseases of interests and com-
pare to that of healthy controls. In addition, we pro-
vided programmable access to achieve most of contents
in GMrepo by representational state transfer (REST)
application programming interfaces (APIs). GMrepo is
equipped with powerful graphical query builders to make
users search the collected samples and projects more
conveniently (38).

In this study, we introduce an updated version of GM-
repo. In this new version, we collected more projects,
runs/samples and phenotypes. Most importantly, we added
disease marker identification and cross-project/phenotype
comparisons of the identified markers. The main features
of GMrepo v2 include: (a) identification of disease mark-
ers between two phenotypes (e.g. health versus adenoma)
on per-project basis for selected projects, (b) cross-dataset
disease marker comparison to facilitate the identification of
consistent microbial markers across multiple datasets of the
same diseases, (c) cross-disease marker comparison to allow
users to check if microbial markers are unique to a specific
disease or shared by multiple diseases, and if they have dif-
ferent trends in different diseases.

DATA GENERATION

Collection of sequencing reads and manual curation of meta-
data

To obtain more human gut metagenomic data, we
searched recently updated projects in the NCBI Bio-
Project database (https://www.ncbi.nlm.nih.gov/bioproject)
and publications in the NCBI PubMed database (https:
//pubmed.ncbi.nlm.nih.gov/) using ‘human gut microbiota’
as the keyword. Projects with clearly defined phenotype
information and public raw sequencing data were col-
lected for further analysis. The raw sequencing reads were
downloaded from NCBI SRA (Sequence Read Archive,
https://www.ncbi.nlm.nih.gov/sra) (31) and EBI ENA (Eu-
ropean Nucleotide Archive, https://www.ebi.ac.uk/ena) (30)
database as reported in GMrepo v1 (38). Related meta-
data were also downloaded using in-house PERL (version
5.30.0) and R (version 4.0.4) scripts. We then performed
two rounds of manual curation on the meta-data. For the
first round, meta-data were extracted and manually exam-
ined, including technical meta-data such as the sequenc-
ing platform, type of sequences obtained (i.e. 16S rRNA
amplicon or whole-genome metagenomic) and number of
sequences, and the human host related meta-data such as
phenotypes (health or diseases), BMI, age, sex, diet, coun-
try and antibiotic usage of the associated samples/runs. For
the second round, different curators from the first round re-
viewed the collected meta-data and made necessary correc-
tions. GMrepo v2 now contains 71 642 runs/samples from
353 projects. Among these runs/samples, 45 111 and 26 531
were obtained by 16S rRNA amplicon (16S for short) and
whole-genome metagenomics (mNGS for short) sequenc-
ing, respectively. This collection represents a significant in-
crease compared to our previous version, which contained
58 903 runs/samples 253 projects. In addition, the num-
ber of phenotypes (i.e. health and diseases) has also been
increased from 92 to 133. The newly added diseases in-
clude COVID-19 (four projects; https://gmrepo.humangut.
info/phenotypes/D000086382) and many others.

Taxonomic assignment and relative abundances calculation

The newly collected raw sequencing data were processed
as reported in the previous version (38). In short, we
first evaluated the overall quality of the downloaded data
using FastQC (version 0.11.8, http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), followed by removing
low-quality bases and sequencing vectors using Trimmo-
matic with default parameters (40). Then we annotated mi-
crobial contents and calculated relative abundances. For
16S sequences, QIIME2 (41) was used to analyze the ob-
tained clean data and assign taxonomic classification in-
formation to the reads; ASV (Amplicon Sequence Vari-
ant) instead of OTU (Operational Taxonomic Units) re-
sults were used, as the former can provide more precise
measurement of sequence variation and be able to eas-
ily compare sequences between different studies (tractabil-
ity and reproducibility) (41). DADA2 (version 1.18.0) (42)
pipeline implemented in QIIME2 was used to filter the
sequencing reads and construct ASVs table without any
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sequence clustering. Deblur (43) was used for denoising
and chimera removal. The taxonomy classification database
used was Greengenes version 13.8. Relative abundances
were then calculated for each sample at both species and
genus levels, with totaling abundances of 100% at both lev-
els respectively. For whole-genome metagenomic sequences,
MetaPhlAn2 (44) was applied with default parameters for
the taxonomic assignments to the sequencing reads. We
calculated the relative abundances at species and genus
levels, with totaling abundances of 100% at both levels
respectively.

DISEASE MARKER IDENTIFICATION AND CROSS-
DATASET COMPARISON

One of the main features that distinguish GMrepo from
other metagenomic databases is the cross-dataset compari-
son. To bring this to the next level, we introduced disease-
marker identification for selected high-quality projects and
provided tools to facilitate cross-project/phenotype com-
parisons of the identified markers.

Identification of disease markers between two phenotypes

To better understand the relationships between gut micro-
biota dysbiosis and human diseases, we performed in-depth
analysis to identify differential bacteria and disease mark-
ers between two phenotypes (e.g., health versus adenoma)
on per-project basis for selected projects, especially those
with high-quality data. To get reliable results of the analysis,
we selected projects that met all the criteria: (i) the project
must include at least two phenotypes, very often between a
disease phenotype and healthy controls. For those having
different disease stages, we also compared the samples be-
tween different stages; (ii) numbers of samples must be >20.
Furthermore, manually curation was performed for selected
projects in order to: (a) select usable runs with clearly de-
fined phenotype(s), (b) merge multiple runs if they corre-
spond to the same sample, (c) calculate taxon abundances
on per-sample basis instead of per-run basis, (d) group sam-
ples according to their corresponding phenotypes and (e)
identify marker taxa between a pair of phenotypes of in-
terests, e.g., Health versus colorectal cancer (CRC). Here,
a ‘marker taxon’ refers to a species or genus whose rel-
ative abundances showed significant differences between
phenotypes. In GMrepo, marker taxa were identified us-
ing LEfSe (Linear discriminant analysis Effect Size) anal-
ysis (45) implemented in the ‘microbiomeMarker’ package
(version 0.0.1.9000) of R (version 4.0.4). Linear discrimi-
nant analysis (LDA) scores were used to describe the extents
of the differences, with larger values indicating more signif-
icant differences. A LDA cutoff of 2 was used as the cutoff
for marker taxa. Markers were identified on a per-dataset
basis in order to control for project-specific confounding
factors such as DNA extraction methods and sequencing
platforms. For 16s rDNA sequencing datasets, genus level
markers were identified; for whole-genome metagenomic
datasets (also known as metagenomic next-generation se-
quencing datasets, mNGS for short), both species and genus
level markers were identified.

Since our marker identification was on per-project ba-
sis, for each project we added bar plots to visualize the
marker taxa between two phenotypes. Shown in Figure 1 are
the marker species identified between Health and Adenoma
for BioProject PRJEB6070. For mNGS datasets like PR-
JEB6070, genus level markers are also available; researchers
can choose to show markers at either species or genus
level, or both levels together (see Figure 1 for more de-
tails; see also https://gmrepo.humangut.info/data/project/
PRJEB6070/D006262/D000236). BioProject PRJEB6070
contained samples of three phenotypes, namely health, ade-
noma and CRC. Thus, in addition to markers between heath
and adenoma, we also identified marker taxa for health ver-
sus CRC, and adenoma versus CRC respectively. See https://
gmrepo.humangut.info/data/project/PRJEB6070 for more
details. Note the newly added marker identification re-
sults, the phenotype pairs and their corresponding runs and
groups can be found in the ‘in-depth analysis’ section of the
webpage.

So far, GMrepo includes 592 marker taxa (350 species
and 242 genera) for 47 phenotype pairs, identified from 83
selected projects; more projects will be analyzed in the fu-
ture. The detailed information of these marker taxa is listed
in https://gmrepo.humangut.info/taxon/markertaxa. Addi-
tional links to the NCBI taxonomy (46), ENA taxonomy
and NCBI MeSH Browser were also provided for each of
the marker taxa, in order to facilitate researchers to obtain
more information. More external databases will be included
in the future.

Cross-dataset disease marker comparison

In GMrepo, a disease could be covered by multiple
datasets/projects. A recent meta-analysis on CRC-
associated gut microbiome projects suggested that disease-
related microbial markers were not always consistent across
studies/projects (47). Thus, to facilitate cross-project com-
parisons of the identified markers within each project, we
added a dedicated page for each phenotype pair (e.g. health
versus liver cirrhosis, or adenoma versus colorectal cancer)
to systematically show the consistent and non-consistent
disease-associated microbial markers across datasets.
Shown in Figure 2 are two typical examples. For example,
Figure 2A shows the biomarkers between heath and CRC
across seven datasets (See also https://gmrepo.humangut.
info/phenotypes/comparisons/D006262/D015179 for de-
tails). We observed consistent disease-associated microbial
markers across the seven projects; for example, known
marker species of CRC including Fusobacterium nucleatum
(48–52), Parvimonas micra (53,54) and Gemella morbillorum
(55) were identified to be enriched in CRC patients in most
studies. However, in the phenotype comparisons of health
and ‘arthritis, rheumatoid’, we observed non-consistent
disease-associated microbial makers (Figure 2B, see also
https://gmrepo.humangut.info/phenotypes/comparisons/
D006262/D001172 for details). So far, GMrepo in-
cludes 47 phenotype comparisons, see https://gmrepo.
humangut.info/phenotypes/comparisons for a complete
list.
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Figure 1. Disease markers identified between two phenotypes in a project. Here data from BioProject PRJEB6070 are used as an example; health and
disease (adenoma) enriched species are plotted in green and pink respectively. The markers were identified using LEfSe. LDA (linear discriminant analysis)
scores (X-axis) were used to show the extents of their enrichment. For whole-genome metagenomic dataset like PRJEB6070, genus level markers were also
identified. Users can use the widgets (blue buttons) to choose the markers to show. For 16S rRNA datasets, only genus level markers were identified; thus,
the ‘Species’ button will be unclickable.

Cross-disease marker comparison

We also provided a marker-centric view to allow users to
check if a microbial marker is unique to a specific disease
or shared by multiple diseases, and if it has different trends
in different diseases. Take F. nucleatum as an example, it has
been identified as a marker species in eight phenotype com-
parisons and showed consistent trends as a disease-enriched
maker (Figure 3A, see also https://gmrepo.humangut.info/
taxon/851). In addition to being a CRC marker, F. nuclea-
tum is also associated with multiple diseases in GMrepo
v2, including Cardiovascular Disease, Inflammatory Bowel
Diseases, Liver Cirrhosis and COVID-19. Interestingly, al-
though F. nucleatum was enriched in CRC samples in the
adenoma versus CRC comparison (Figure 3A), it was not
enriched in the adenoma samples as compared with the
healthy controls (see also https://gmrepo.humangut.info/
phenotypes/comparisons/D006262/D000236), suggesting it
came at the latter stages of CRC (and maybe other diseases).
These results are consistent with recent publications that
F. nucleatum is not a marker for gut microbiota-based ade-
noma diagnostic models (56,57). Conversely, Prevotella co-
pri was found to have inconsistent trends between pheno-
type pairs (Figure 3B and also https://gmrepo.humangut.
info/taxon/165179) and even between projects of the same
phenotype comparisons. P. copri was reported to be asso-
ciated with gut microbial enterotypes whose abundances
could be affected by diet, age and gender (58,59). The incon-
sistent trends may indicate either the undetected biases be-
tween disease and control groups in the related datasets, or
an equilibrium state for P. copri in the gut should be main-
tained.

Future directions

In addition to continuously adding new human gut metage-
nomic data to GMrepo in the future, we plan to add new
contents to GMrepo, including (but not limited to) func-
tional profiles and metabolic pathway profiles for the col-

lected samples. It is also necessary to re-analyze all data with
the latest version of the tools, or use new tools that become
available in the future. In addition, we plan to include ge-
nomic sequences for the identified species, especially those
directly assembled from human gut metagenome datasets
(60). These will further facilitate the reusability and accessi-
bility of human gut metagenomic data and will contribute
to better understanding of the relationships between gut mi-
crobiota dysbiosis and human diseases.

CONCLUSIONS

In this study, we introduced GMrepo v2, an updated ver-
sion of the online database of curated, consistently anno-
tated meta-data and human gut metagenomic data. Up-
dates since the last version include increased numbers of
projects, samples/runs and phenotypes by multiple rounds
of extensive manual curation of the meta-data. One of the
main features that distinguish GMrepo from other metage-
nomic databases is cross-dataset comparison. To bring this
to the next level, we introduced disease-marker identifica-
tion and performed cross project/phenotype comparisons,
including: (i) identification of disease markers between two
phenotypes on per-project basis for selected projects, espe-
cially those with high-quality data; (ii) cross-dataset disease
marker comparison to facilitate the identification of con-
sistent microbial markers across datasets; (iii) cross-disease
marker comparison to provide a marker-centric view to
allow users to check if microbial markers have different
trends in different diseases. So far, GMrepo includes 592
marker taxa (350 species and 242 genera) for 47 phenotype
pairs, identified from 83 selected projects; more projects
will be analyzed in the future. We believe that GMrepo
v2 is expected to be a highly useful and an important
database for biologists and bioinformaticians studying gut
microbiome. In the future, we aim to update GMrepo reg-
ularly to provide up-to-date contents and include more
functionalities.
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Figure 2. Cross-study comparison of microbial markers. (A) Comparison of marker species for colorectal cancer in seven metagenomic projects. (B)
Comparison of marker species for ‘arthritis, rheumatoid’ in two projects. Marker taxa with LDA <−2 are health enriched, while those with LDA >2
are disease enriched. Health and disease enriched markers are shown in green and red respectively, with deeper color indicate increased enrichment. To
facilitate users to explore the markers, a few widgets are included to allow users to 1) filter markers according to the number of projects they are identified,
2) filter markers according to the absolute LDA scores, 3) exclude markers that show inconsistent trends (e.g. those are significantly decreased in disease in
one project but significantly increased in others) among projects and 4) change the size of the tiles. Users can also save the resulting visualization as SVG or
PNG format. Please consult https://gmrepo.humangut.info/phenotypes/comparisons/D006262/D015179 and https://gmrepo.humangut.info/phenotypes/
comparisons/D006262/D001172 for the interactive versions on our website; for the second link, please change the value of the ‘NR.PROJECTS (> = ):’
widget on the webpage to ‘1’ in order to show the markers.
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Figure 3. Cross-disease comparison of marker taxa. (A) Enrichment trends of Fusobacterium nucleatum across diseases and projects. (B) A marker-centric
view of Prevotella copri across diseases and projects. Please consult https://gmrepo.humangut.info/taxon/851 and https://gmrepo.humangut.info/taxon/
165179 for the online versions.
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DATA AVAILABILITY

All data are freely accessible to all academic users. This
work is licensed under a Creative Commons Attribu-
tion Non-Commercial 3.0 Unported License (CC BY-NC
3.0). Users can download dataset from the ‘Data down-
loads’ section of the ‘Help’ page. Users can also down-
load individual datasets or combined datasets for indi-
vidual project/phenotype/species via the ‘Browse’ page.
We also provided programmable access through REST
APIs. And users can obtain our datasets based on the
detailed instructions on using R, Perl and Python at
the ‘Programmable access’ section of the ‘Help’ page
or our GitHub page: https://github.com/evolgeniusteam/
GMrepoProgrammableAccess.
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