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ABSTRACT

CRAMdb (a database for composition and roles of
animal microbiome) is a comprehensive resource of
curated and consistently annotated metagenomes
for non-human animals. It focuses on the composi-
tion and roles of the microbiome in various animal
species. The main goal of the CRAMdb is to facili-
tate the reuse of animal metagenomic data, and en-
able cross-host and cross-phenotype comparisons.
To this end, we consistently annotated microbiomes
(including 16S, 18S, ITS and metagenomics sequenc-
ing data) of 516 animals from 475 projects spanning
43 phenotype pairs to construct the database that
is equipped with 9430 bacteria, 278 archaea, 2216
fungi and 458 viruses. CRAMdb provides two main
contents: microbiome composition data, illustrating
the landscape of the microbiota (bacteria, archaea,
fungi, and viruses) in various animal species, and
microbiome association data, revealing the relation-
ships between the microbiota and various pheno-
types across different animal species. More impor-
tantly, users can quickly compare the composition of
the microbiota of interest cross-host or body site and
the associated taxa that differ between phenotype
pairs cross-host or cross-phenotype. CRAMdb is
freely available at (http://www.ehbio.com/CRAMdb).

INTRODUCTION

Animal microbiomes comprise bacteria, viruses, fungi, ar-
chaea, and protozoa, which colonize almost all body parts
of animals and play important roles in the health, diseases
(1–5), growth (6), development (7) and traits (8–12) of their
animal hosts. In recent years, the number of animal metage-
nomic datasets (including both amplicon and metagenomic
sequencing datasets) has increased rapidly. Most of the re-
lated raw sequencing data have been deposited in public
databases, such as the EBI European Nucleotide Archive
(ENA) (13) and NCBI Sequence Read Archive (SRA) (14).
These public resources greatly facilitate the reuse of the
rapidly increasing amounts of data among different au-
thors. The exploration of animal microbiomes offers the po-
tential to promote animal health, production and environ-
mental adaptation through the directed regulation of the
microbiota. For example, diarrhea is treated by regulating
gut microbes in wild or domestic animals (15,16), and milk
production can be increased by regulating gut microbes in
dairy cows (17).

There are also several databases that contain metage-
nomic data from various animal hosts, including Qiita (18),
Metagenomic Rapid Annotations using Subsystems Tech-
nology (MG-RAST) (19), Animal Microbiome Database
(AMDB) (20), A Database for the Domestic Animal Gut
Microbiome Atlas (ADDAGMA) (21). However, Qiita and
MG-RAST contain processed data collected from vari-
ous habitats, making them difficult to identify the rela-
tionships between the gut microbiota and animal hosts.
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AMDB provides data linking host phylogeny and diet to the
gut microbiota, but lacked microbiome-phenotype associa-
tions data. ADDAGMA from our group provides microbe-
phenotype association data, but only focuses on domes-
tic animal species. Table 1 summarized their main features.
However, a comprehensive database for microbiome com-
position including data on bacteria, archaea, fungi and
viruses, and microbiome roles in health, diseases and pro-
duction in various animal species has not been established.

To address these limitations in existing databases, we cre-
ated CRAMdb, which is the first comprehensive resource
of particularly focusing on the microbiome composition of
animals and associations between the microbiota and var-
ious phenotypes of animals with manually curated meta-
data. Overall, we collected metagenomic data (including
16S, 18S, ITS, and metagenomic sequencing data) of 516 an-
imal species from 475 projects spanning 43 phenotype pairs
to construct the database that is equipped with 9430 bac-
teria, 278 archaea, 2216 fungi and 458 viruses. CRAMdb
enables researchers to quickly acquire data on microbiota
of interest and provide an important reference for ex-
ploring the composition and roles of the microbiome in
animals.

DATABASE CONSTRUCTION

Data extraction and curation

Supplementary Figure S1 shows the pipeline for the con-
struction of CRAMdb. We manually selected raw sequenc-
ing reads and metadata from the ENA and SRA databases
based on the following criteria. For microbiome composi-
tion data: (i) the samples were from healthy animal hosts
and collected from any body parts (including feces, intes-
tine, skin, rumen samples and so on); (ii) amplicons and
metagenomic data had to be sequenced using Illumina or
454 pyrosequencing instruments; and (iii) raw data had
to be linked to at least one published article. For micro-
biome association data, (i) the samples had to include at
least one phenotype pair, such as health versus diarrhea
(Health/Diarrhea) and (ii) other criteria were the same as
those for the microbiome composition data.

Processing of raw sequencing reads

For amplicon sequences, as shown in Supplementary Figure
S1A, VSEARCH (version 2.15.1) (22) was used to merge
paired-end sequencing reads and perform the quality con-
trol, control of the sequencing error rate ≤0.01 with the
specified parameeter ‘–fastq maxee rate 0.01’. USEARCH
(version 10.0.240) (23) was used to denoise the clean data to
generate ASVs (Amplicon Sequence Variants). ASVs were
compared with the RDP (version 16) (24) or UNITE (ver-
sion 8.2) (25) database by using VSEARCH for taxonomy
annotation. The relative abundance of all ASVs were quan-
tified using VSEARCH and in-house scripts as in our pre-
vious report (26).

For virus metagenomic sequences, as shown in Supple-
mentary Figure S1B, the clean reads were quality con-
trolled using Fastp (version 0.20.1) (27) and host reads were
dopped out using Bowtie2 (version 2.2.4) (28). Spades (29),

Virsorter/Virfinder (30,31), and Drep (32) were used to as-
semble, forecast and de-redundancy virus contigs, respec-
tively. Finally, the processed data were aligned against the
NR database by using Diamond (version 0.9.9) (33) to ob-
tain the corresponding annotations.

For taxonomic analysis and statistical analysis, 475
projects and 25356 samples included in CRAMdb were
annotated using two methods, respectively. For amplicon
sequences, each ASV was 97% matched when quantified,
and reads were counted for these ASVs using VSEARCH.
And the confidence interval of the taxonomic annotation
is 0.6. For viral sequences, diamond annotation was used,
with 40% identity for clustering, and the constraints are E-
value ≤0.00001. For screening associated taxa, abundance
matrix in raw read counts were processed using the edgeR
package for normalization and differential analysis with
computed P value <0.05 as the threshold.

Supplementary Video is a tutorial video for using
CRAMdb. And the curated metadata for projects and anal-
ysis codes are publicly shown at https://github.com/Tong-
Chen/CRAMdb.

Statistical methods. edgeR was used to fit a negative bino-
mial generalized log-linear model to the species read-counts
matrix. The likelihood ratio tests was performed in the lin-
ear model to get the differential ananlysis P-values. Multi-
plicity correction is performed by applying the Benjamini-
Hochberg method (BH) on the P-values to control the false
discovery rate (FDR). E-value represents the number of ex-
pected hits of similar quality (score) for query sequences
that could be found just by chance. E = m × n × P where
m = number of residues in the query sequence, n = total
number of residues in a database and P = probability of an
alignment result from random chance.

Web implementation

CRAMdb is implemented as a web application using
Javascript and HTML for frontend development. The
used core JavaScript libraries include Vue.js (https://vuejs.
org/) as the main frontend framework, plotly.js (https://
plotly.com/), D3.js (https://d3js.org/) and Echarts.js (https:
//echarts.apache.org/zh/index.html) for interactive visual-
izations and data explorations. High-level web framework
Django (https://www.djangoproject.com/) is used for back-
end data preprocess and data analysis. The global search
function is based on the Elasticsearch module (https://
www.elastic.co/elasticsearch/). Open-source data manage-
ment system Mysql (https://www.mysql.com/) is used for
curated metadata saving and accessing. Abundance profiles
of taxons were stored in hdf5 format for fast access and cal-
culation.

DATA CONTENT

Objectives and functional features of CRAMdb

CRAMdb provides two main types of content: ‘Micro-
biome composition’ and ‘Microbiome associations’ (Fig-
ure 1). The objectives of providing the ‘Microbiome com-
position’ data are to allow the host microbial composition
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Table 1. Main features of CRAMdb and comparison with similar databases

Database Main features No. microbes
No.

phenotypes No. animals No. datasets Reference

CRAMdb 1. Provide the integrated data of
cross-host, cross-body site and
cross-phenotype comparisons.
2. Illustrate the landscape of the
microbiota (bacteria, archaea,
fungi, and viruses) in various
animal species.
3. Reveale the relationships
between the microbiota and
various phenotypes across
different animal species.

12382 (9430
bacteria, 278
archaea, 2216 fungi
and 458 viruses)

48 516 475 This study

Qiita 1. Easily share and reuse existing
data-sets in the form of studies.
2. Easily interface with the EBI
repository for automated
deposition. Query and interact
with Qiita data programmatically.

/ / / 660 (18)

MG-RAST 1. Store large amounts of
metagenomic data.
2. Support the analysis and
download of metagenomic data.

/ / / 150000 (19)

AMDB 1. Provides a taxonomic overview
of the gut microbiota of various
animal species.
2. Gene profiles of bacterial 16S
rRNAs covering animal species to
assess the relationship between
gut microbiota and animal hosts.

10478 (only
bacteria)

/ 467 34 (20)

ADDAGMA 1. Focus on changes in the gut
microbiome of domestic animals.
2. Provides links between gut
microbes and various phenotypes
in domestic animals.

3215 (only bacteria) 48 4 356 (21)

to be analyzed and the distribution of microbiota mem-
bers in different hosts or at different body sites to be ex-
plored. The data on ‘Microbiome associations’ were assem-
bled with the aim of revealing the roles of the microbiota
among different phenotypes (health, disease, and produc-
tion traits). To achieve these aims, CRAMdb provides an
easy-to-use platform for users to browse, search, and anal-
yse the composition of the microbial communities (e.g. bac-
teria, archaea, fungi and viruses) harboured by 25356 sam-
ples from 516 animals in 475 projects but also provides the
419 associated taxa from 43 phenotype pairs (e.g. healthy
versus disease) in animals. These projects were performed in
233 cities in 48 countries. The samples were from multiple
body sites (including feces, intestine, skin, and rumen sam-
ples) or from the whole body in some species (e.g. Mosquito
and Drosophila).

Microbiome composition data cover bacteria, archaea,
fungi and viruses

The ‘Microbiome composition’ content consists of data on
12382 taxa of bacteria, archaea, fungi and viruses. The most
abundant of these groups is ‘bacteria’, representing 76.16%
(9430) of the total taxa, followed by ‘archaea’, ‘fungi’ and
‘viruses’, which represent 2.25% (278), 17.89% (2216) and
3.7% (458) of the taxa, respectively. Supplementary Fig-
ure S2 shows the summary of the composition of taxa in-
cluded in CRAMdb. The homepage shows the total num-

bers of bacteria, archaea, fungi, and viruses included in the
database. By clicking on one of these four groups, users can
obtain a detailed list of the members of the group of interest.
For example, by clicking on ‘Bacteria’, users can browse the
bacterial taxa in the database, including the name and clas-
sification of a given taxon and the number of related hosts,
projects or samples (Supplementary Figure S3).

Microbiome composition data allow for cross-host or cross-
body site comparisons

To allow users to check if a microorganism is unique to a
specific host (or body site) or is shared by multiple hosts
(body sites) and if it differs in abundance between hosts (or
body sites), the database supports cross-host or cross-body
site comparisons of the microbiome composition. Taking
Oxalobacter formigenes as an example, users can see that
this bacterium has been identified in 20 of the hosts included
in the database and can view trends in its relative abundance
across different hosts (Figure 2A). In addition, a view is pro-
vided that allows users to not only visualize the mean abun-
dance of O. formigenes in different hosts by the same body
sites (Figure 2B), but also compare the mean abundance of
O. formigenes in the same host by different body sites (Sup-
plementary Figure S4). For example, it can be seen that the
relative abundance of O. formigenes in Sus scrofa (Pig) is
higher in the feces and lower in the intestine, suggesting that
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Figure 1. The objectives and functional features of CRAMdb.

it may be easier to monitor or isolate O. formigenes from fe-
ces samples of Sus scrofa.

Microbial prevalence cross-host comparisons

The database also supports analyses of microbial preva-
lence cross-host comparisons. As an example, we have cal-
culated the prevalence of O. formigenes in various hosts at
different taxonomic levels. At the class level of host, Fig-
ure 3A and B shows that O. formigenes is the most com-
mon in ‘Mammalia’ (53.2%), followed by ‘Insecta’ (47.9%),
and is least prevalent in ‘Aves’ (24.8%). At the species level
of host, Figure 3C and D shows that O. formigenes is the
most common in ‘Diceros bicornis’ and ‘Nycticebus pyg-
maeus’ (100%) and is least prevalent in ‘Sceloporus undu-
latus’ (2.0%). Moreover, users can visualize the prevalence
of O. formigenes at genus, family, or order levels of animal
hosts.

Associated taxa identified between two phenotypes and cross-
phenotype comparisons

To allow a more in-depth exploration of the relationships
between the microbiota and animal health, diseases or pro-
duction traits, we identified the associated taxa between
two phenotypes (e.g. health versus diarrhea) for selected
projects. So far, In CRAMdb, ‘associated taxa’ included
‘associated bacteria’ and ‘associated fungi’, which refer to
taxon that show significant differences in relative abun-
dances between phenotypes (P < 0.05). Since the identifi-
cation of the associated taxa was on per-project basis, users
can visualize the associated taxa between pairs of the phe-
notypes recorded in each project. Figure 4A shows the as-
sociated taxa (species and genus) identified between indi-
viduals of the S. scrofa with a healthy status or diarrhea in
project PRJNA492210. Researchers can choose to show the
associated taxa at either the species or genus level or at both
levels together.
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Figure 2. Microbiome composition cross-host comparisons. (A) Relative abundance of O. formigenes in 20 animals. (B) The mean abundance of O. formi-
genes in different hosts by the same body sites.

We performed in-depth analysis to identify the associated
taxa cross phenotype pair. Take Ruminococcus as an exam-
ple, it has been identified as an associated taxon in six phe-
notype pairs from different host animals (Figure 4B). Ru-
minococcus was significantly reduced in multiple diseases or
traits, including weaned, diarrhea, Diabetes mellitus type 2,
infection of salmonella enteritidis, Colitis and radiation ex-
posure, when compared with the healthy phenotypes. Inter-
estingly, Ruminococcus are consistently depleted in human
with Crohn or Colitis (34–36). Thus, these results suggest
that Ruminococcus may be important in maintaining intesti-
nal homeostasis and has potential probiotic effect on ani-
mals and human health. In addition, CRAMdb also pro-
vides users with the associated taxa of the host under dif-
ferent phenotypes. Users can compare associated taxa un-
der the same phenotype to identify key microbes that may
affect host health.

Global search widget

The global search widget allows users to enter keywords of
interest and shows the search results in a dropdown list, and
allows users to click and go to the corresponding page in
our database. Users can use it to find any of the following
entries in our database including microbes, hosts, projects,
and phenotypes. For example, users enter ‘Colitis’ and then
obtain all of the following entries about ‘Colitis’ in our
database, (i) colitis in Microbiome Composition Projects or
species; (ii) colitis in Microbiome Associations Phenotype
pairs or projects (Supplementary Figure S5). In addition,
if one might be interested in Megamonas funiformis, users
can obtain the results including the taxon, associated hosts,
sample types, and associated phenotypes of M. funiformis
by using the global search of CRAMdb. CRAMdb could
provide a basis for users to determine the best host and sam-
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Figure 3. Microbial prevalence cross-host comparisons. (A, B) The prevalence of O. formigenes in hosts at the class level. (C, D) The prevalence of O.
formigenes in hosts at the species level. User also view the prevalence of O. formigenes in hosts at the genus, family or order level (see also http://www.ehbio.
com/CRAMdb/Detail?detailParameter=Oxalobacter%20formigenes&taxType=Species&module=com&detailInterface=com tax detail&type=Bacteria).

ple types to study M. funiformis. It can also help users judge
the effects of M. funiformis on the health of the host.

Interactive map

‘Interactive map’ is a dot distribution map showing the
distribution of animal metagenomic researches across the
world. In the CRAMdb, the majority of studies were con-
ducted in China, and the United States is the second most
common place for the researches. Users could click or drag
out a rectangle or polygon to select one or more dots on the
map to obtain a list of related projects with the informa-
tion of hosts, phenotype pairs, project accession, body sites,
and so on in the corresponding area. Within the table, users
could click projects or hosts to explore detail informations.

FUTURE DEVELOPMENT

New metagenomic data from various animals will continue
to be added to CRAMdb in the future. In addition, we
plan to add new content to CRAMdb, especially metage-
nomic data on the microbiome composition of protozoa
and metagenomic data on the microbiome associations of
viruses, fungi and protozoa. We also plan to add function-
alities to the platform that will allow users to perform cross-
projects, cross-host, or cross-body site comparisons. These

changes will provide an integrated landscape of the com-
position and roles of animal microbiomes, which will fur-
ther facilitate the reuse of metagenomic data by providing
an up-to-date central repository of animal microbiome data
and advance the understanding of microbiome-animal host
relationships.

CONCLUSION

CRAMdb is a database for exploring the composition and
roles of the microbiome in various animal species, and it
provides an option to search for the composition or roles
of a microbe. With 516 animals from 475 projects (in-
cluding 16S, 18S, ITS and metagenomic sequencing data),
CRAMdb is the first comprehensive database of data on
bacteria, archaea, fungi, and viruses associated with ani-
mals. One of the main features of CRAMdb is that users can
quickly obtain the average composition of microbiota from
a particular context, such as a specific sample type, across
different hosts or projects. In addition, we introduced the
associated taxa for each phenotype pair or cross-phenotype.
Currently, CRAMdb includes 419 associated taxa from 43
phenotype pairs. We believe that CRAMdb has the poten-
tial to become a very useful and important database for
biologists and bioinformaticians seeking to study animal
microbiomes. In the future, we will continuously update

http://www.ehbio.com/CRAMdb/Detail?detailParameter=Oxalobacter%20formigenes&taxType=Species&module=com&detailInterface=com_tax_detail&type=Bacteria
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Figure 4. Associated taxa identified between two phenotypes and cross-phenotype comparisons. (A) Associated taxa were identified between two phe-
notypes. This data from project PRJNA492210 was used as an example. The associated taxa were enriched in health group (in red) or diarrhea
group (in green). (B) Cross-phenotype comparisons of associated taxa. Comparison of the relative abundance of Ruminococcus in six phenotype pairs
from five different hosts. Fold change (log2FC) of abundance was highlighted in the red box (see also http://www.ehbio.com/CRAMdb/Detail?type=
Bacteria&detailInterface=fun tax detail&taxType=Genus&module=fun&detailParameter=Ruminococcus). ‘Associated taxa’ refer to taxon (at species
and genus levels) that show significant differences in relative abundances between phenotypes (P < 0.05).

CRAMdb to provide the latest content and include more
features.

DATA AVAI LABILITY

CRAMdb is freely available at http://www.ehbio.com/
CRAMdb/. The curated metadata for projects and the anal-
ysis codes are publicly shown at https://github.com/Tong-
Chen/CRAMdb.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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