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ABSTRACT

With their photosynthetic ability and established
genetic modification systems, cyanobacteria are
essential for fundamental and biotechnological
research. Till now, hundreds of cyanobacterial
genomes have been sequenced, and transcriptomic
analysis has been frequently applied in the func-
tional genomics of cyanobacteria. However, the mas-
sive omics data have not been extensively mined
and integrated. Here, we describe CyanoOmicsDB
(http://www.cyanoomics.cn/), a database aiming to
provide comprehensive functional information for
each cyanobacterial gene. CyanoOmicsDB consists
of 8 335 261 entries of cyanobacterial genes from
928 genomes. It provides multiple gene identifiers,
visualized genomic location, and DNA sequences
for each gene entry. For protein-encoding genes,
CyanoOmicsDB can provide predicted gene function,
amino acid sequences, homologs, protein-domain
super-families, and accession nhumbers for various
public protein function databases. CyanoOmicsDB
integrates both transcriptional and translational pro-
files of Synechocystis sp. PCC 6803 under various
environmental culture coditions and genetic back-
grounds. Moreover, CyanoOmicsDB includes 23 689
gene transcriptional start sites, 94 644 identified
peptides, and 16 778 post-translation modification
sites obtained from transcriptomes or proteomes of
several model cyanobacteria. Compared with other
existing cyanobacterial databases, CyanoOmicsDB
comprises more datasets and more comprehen-
sive functional information. CyanoOmicsDB will pro-
vide researchers in this field with a convenient way
to retrieve functional information on cyanobacterial
genes.

INTRODUCTION

Cyanobacteria are the only prokaryotes that can perform
oxygen-evolving photosynthesis (1). Cyanobacteria have
been emerging as popular model organisms for funda-
mental and biotechnological research because they are
amenable to genetic engineering and possess a relatively fast
growth rate and good tolerance to environmental stresses
(2-4).

In 1997, Synechocystis sp. PCC 6803 became the first
cyanobacterium whose genome was sequenced entirely
(5). Since then, the number of sequenced cyanobacte-
rial genomes increased rapidly, especially when high-
throughput next-generation sequencing (NGS) became a
reliable and routine technique. Although hundreds of
cyanobacterial genomes were sequenced within the last two
decades, only limited cyanobacterial genes were function-
ally characterized in a few model cyanobacteria.

Microarray or RNA-sequencing (RNA-seq) based tran-
scriptomic analysis, a powerful tool for linking genes with
their functions, was also normally used to identify the dif-
ferentially expressed genes in cyanobacteria under different
environmental conditions. In addition, transcriptional start
sites were systematically identified in multiple cyanobac-
terial species using primary transcriptome analysis (6-9).
These transcriptional data are useful in demonstrating the
biological functions of genes.

A comprehensive online database including genomic,
transcriptomic, and reference information of cyanobac-
teria is essential for researchers in this field to in sil-
ico analysis of gene functions before conducting labora-
tory experiments. CyanoBase (http://genome.microbedb.jp/
cyanobase) was first established as a genome database
for Synechocystis sp. PCC 6803 in 1998 and has been
updated several times in the last two decades (10-
13). Currently, CyanoBase comprises 86 complete and
290 draft genomes and has become the most popular
cyanobacterial database in this field. However, CyanoBase
does not contain any transcriptomic data. CyanoEXpress
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(http://cyanoexpress.sysbiolab.eu/) currently comprises vi-
sualized expression data of 3 078 genes from Synechocystis
sp. PCC 6803 in response to 178 environmental and genetic
perturbations (14). CyanOmics (https://lag.ihb.ac.cn/index.
html) comprises a few omics datasets for Synechococcus sp.
PCC 7002 (15). In addition, CyanoClust (http://cyanoclust.
c.u-tokyo.ac.jp/) contains protein homology information
for cyanobacteria and plastids (16), and CyanoLyase (http:
/lcyanolyase.genouest.org/) contains the sequences and mo-
tifs of phycobilin lyases and related proteins from cyanobac-
teria, red algae, and cryptophytes (17).

Herein, we describe CyanoOmicsDB, an integrated web
database containing genomic data of 928 cyanobacterial
strains, 56 independent transcriptomic datasets, 3 primary
transcriptomic datasets, and 15 proteomic datasets, which
is currently the most comprehensive omics database for
cyanobacteria.

MATERIALS AND METHODS
Data retrieval

To comprehensively investigate the genomic sequences of
cyanobacteria, we downloaded all available cyanobacterial
genomic sequences and their annotation from the NCBI as-
sembly database (https://www.ncbi.nlm.nih.gov/assembly/)
using the NCBI-datasets tool. The amino acid sequences
of each protein-coding gene were used as queries to search
against the Integrative Protein Signature Database (Inter-
Pro) using InterProScan 5.45-80.0 (18). Gene Expression
Omnibus (GEO) Series Matrix files containing gene expres-
sion profiles were downloaded from the GEO database (19)
using the GEOquery package (20), whereas the raw reads of
RNA-seq were download from the Sequence Read Archive
(SRA) database (21) using the SRA-toolkit (https://github.
com/ncbi/sra-tools) (Figure 1).

Genomic data aggregation and processing

The metainformation of these genomes was extracted using
the NCBI data format tool and formatted as a tab-separated
values (TSV) file. The basic information for each gene, in-
cluding locus_tag, gene symbol, old_locus_tag, genomic lo-
cation, protein id, and encoding product, was extracted
from the general feature format (GFF) files. The Enzyme
Commission (EC) (22), Gene Ontology (GO) (23,24), Pro-
tein Families Database (Pfam) (25), MetaCyc (26), and Ky-
oto Encyclopedia of Genes and Genomes (KEGG) (27,28)
identifiers for each gene were extracted from the resulting
InterProScan outputs. The data for each gene were aggre-
gated as another TSV file (Figure 1 and Supplementary
Dataset S1).

Local blast for searching homologs

All amino acid sequences were retrieved from the raw fasta
files (FAA) and combined into a single fasta file. The name
of each amino acid sequence was formatted as its locus_tag.
The local Basic Local Alignment Search Tool (BLAST)
database was established from the resulting formatted fasta
file using the makeblastdb command (29). For searching
homologs of a gene, the resultant database was searched
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against using the BlastP command with the amino acid se-
quences of the gene as a query and with ‘-qcov_hsp_perc 70
and -evalue le-5" as a set of parameters. The locus_tag of
each hit was used to recover protein id, product, and species
name from the metadata of all cyanobacterial genes. The
results were combined with the original BlastP output and
shown as a new table in the HOMOLOGS module.

Retrieval of nucleotide and amino acid sequences on request

The nucleotide sequences were obtained from the fasta files
(FNA) containing genomic sequences according to chro-
mosome accession number and the start and end positions
of the recovered gene. The amino acid sequences were re-
covered from the above-formatted amino acid fasta file ac-
cording to the locus_tag of the recovered gene.

Visualization of genomic data using JBrowse

JBrowse (30) was installed and set up according to its
official documentation. The genomic sequences and an-
notations were formatted as reference sequences and fea-
ture tracks, respectively, using the perl scripts provided by
JBrowse (Figure 1).

Transcriptomic data aggregation and processing

Raw transcriptomic data of Synechocystis sp. PCC 6803
was from either GEO or SRA database. Culture condi-
tions and experimental groups were extracted from GPL
files in the GEO database or description information in
the SRA database. GEO microarray data series was down-
loaded using the GEOquery (20) package and analyzed
using the Limma package (31) in R language. For RNA-
seq data, raw reads were downloaded from the SRA
database, aligned to reference genomes (GCA_000009725.1
and GCF_000009725.1) of Synechoccystis sp. PCC 6803 us-
ing the Bowtie2 (32). Raw read counts of genes were com-
puted using the HTSeq-count program (33). The summa-
rized count matrix was analyzed using the DESeq2 (34)
package. And the output Log;Foldchange and adjusted p-
value of different comparisons were aggregated as a TSV
file (Supplementary Dataset S2).

Proteomic data aggregation and processing

The identified peptides and the post-translational modifi-
cations (PTMs) of cyanobacterial proteins were obtained
from the reported publications on cyanobacterial pro-
teomics (35-39) and further integrated into the gene infor-
mation collection. Furthermore, genomic positions of nu-
cleotide sequences coding for these peptides were confirmed
by mapping their arrangements to the corresponding refer-
ence genomes and generating JBrowse tracks. Differential
expression profiles of cyanobacterial proteins were also ob-
tained from reported publications (40-47) and integrated
into the differential expression collection.

Reference data aggregation and processing

For the recent publication page, the reference informa-
tion containing title, authors, journal, digital object identi-
fiers (DOIs), and abstract was retrieved from PubMed using
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Figure 1. Overview of the process of creating CyanoOmicsDB. Raw data were recovered from public databases and then assessed to establish associations
between cyanobacterial genes and their nucleotide sequences, amino acid sequences, annotations, accession numbers to various databases (gene2Acc),
differential expression profiles (gene2FoldChange), and references (gene2Reference). Except for the gene-sequence association, all other associations were
formatted and integrated as four collections in the back-end MongoDB database. Amino acid sequences were used to create a BLAST database (Blastdb),
and the nucleotide sequences and their annotations were used in configuring JBrowse tracks on the CyanoOmisDB server. Vue.js was used as the front-end
application framework of CyanoOmicsDB. Vue components (indicated by upper cases) were created to retrieve and display detailed information of the

retrieved gene or genome from the back-end.

Entrez package in Python language script with ‘cyanobac-
teria’ or ‘cyanobacterium’ as keywords. The recent 200 pub-
lications were integrated into a TSV file. For the reference
page of each gene, the information was recovered using the
same script with the keywords containing both the species
name and the locus_tag or gene symbol.

Web app implementation

The associations between cyanobacterial genes with their
functional information were formatted and integrated as
four collections in the back-end MongoDB database (Fig-
ure 1). A popular Quasar framework was used for building
concise user interfaces of CyanoOmicsDB. In addition, self-
constructed search engines and sortable, filterable, and pag-
inated data tables were created for displaying information
from each dataset or search result.

RESULTS

Database content

At the time of writing (7 April 2021), CyanoOmicsDB con-
tained 8 335 261 entries of unique cyanobacterial genes
from 186 complete and 742 draft cyanobacterial genomes
(Supplementary Table S1). We developed a pipeline to
download cyanobacterial genome datasets from the NCBI
assembly database and extract, format, and import infor-
mation for each gene into the CyanoOmicsDB. For each
gene, CyanoOmicsDB provides basic information, gene an-
notations and six functional analysis modules containing
JBrowse (for genome visualization), sequence, homologs,
families/domains, differential gene expression, and refer-
ences (Figure 1).

Basic information

For most genomes, CyanoOmicsDB provides both
GenBank (GCA) (48) and RefSeq (GCF) (49) genome
assemblies separately. Locus_tags, gene symbols and
old_locus_tags were extracted from all annotated GFF files
of GenBank or RefSeq assemblies and set as retrievable
gene identifiers in our database. Further, the lengths,
genomic location, and gene-coding type are also provided
in the basic information module.

Gene annotations

Based on the annotated GFF files and the InterProScan
output results, we extracted and collected the acces-
sion numbers for each gene from multiple widely used
annotation databases, including EC,GO, Pfam, Meta-
Cyc and KEGG. These accession numbers depicted on the
CyanoOmicsDB are linked to the corresponding databases
for more detailed information. Additionally, transmem-
brane domains of each protein-coding gene were identified
using TMHMM 2.0 (50) and used as a criterion to de-
termine whether the protein is a membrane protein or a
soluble protein. The InterProScan output result for each
protein-coding gene is indicated in the module tab named
‘FAMILIES/DOMAINS’ in which the conserved domains
and homologous super-families are depicted graphically.

Identified peptides and post-translational modifications

To provide useful information for expressed proteins, we
obtained identified peptides and their PTMs from some
published proteome data of Synechocystis sp. PCC 6803
(35,36,38), Synechococcus sp. PCC 7002 (37,39), or Syne-
chococcus sp. WH 8102 (51) (Supplementary Table S2). In



total, 94 644 unique peptides and 16 778 PTM sites from
6 967 cyanobacterial proteins (Supplementary Dataset S3)
were integrated into CyanoOmicsDB. For each gene, pep-
tides identified in the same publication are indicated as sep-
arated lines in CyanoOmicsDB. Each PTM is indicated as
a word combining its amino acid position, the modified
amino acid residue, and the abbreviated modification type.
Full names of PTM modification types were indicated in
mouseover texts. By clicking on peptides or PTMs, users
will be directed to the source publications in which these
peptides or PTMs were experimentally identified.

Genome visualization using JBrowse

In the JBROWSE module, the retrieved gene’s genomic re-
gion is displayed on the corresponding reference genome
track with the recovered gene highlighted in yellow back-
ground. Users can freely view the adjacent genome areas
in the same genome track by dragging or zooming in or
out. The features of genes encoded on different strands are
exhibited in different colors. By left-clicking on the fea-
tures, users can access detailed web pages of neighboring
genes. The 23 689 transcriptional start sites or transcrip-
tional units of Synechocystis sp. PCC 6803, Nostoc sp. PCC
7120, and Synechococcus elongatus UTEX 2973, which were
systematically identified by primary transcriptome analysis
(7,9,52), are displayed as independent tracks named ‘TSS’
or ‘Transcript_unit’. Also, 94 644 peptides and 16 778 PTM
sites identified from the proteomes of Synechocystis sp. PCC
6803, Synechococcus sp. PCC 7002, and Synechococcus sp.
WH 8102 are shown as independent tracks named as ‘Pep-
tides’ and ‘PTMs’, respectively.

Sequence retrieval and analysis

By default, CyanoOmicsDB exhibits both nucleotide and
amino acid sequences of the retrieved genes in the SE-
QUENCE module tab. Users can freely set the start and
end positions of a gene to update nucleotide sequences.
CyanoOmicsDB also provides links to further sequence
analysis in the SEQUENCE module, including KEGG, In-
terProScan, local and online BlastP, and online BlastN and
BlastX. Notably, CyanoOmicsDB can conduct local BlastP
against a local amino acid database containing only amino
acid sequences of cyanobacterial proteins, with a default pa-
rameter described in the Materials and Methods section.
Therefore, if users want to set up custom parameters, in-
cluding search database and expect threshold, they should
choose online Blast interfaces.

Gene homologs

A local BlastP can be automatically performed using the
default parameters when loading the HOMOLOGS mod-
ule to show homologous genes of the retrieved gene. The
results of BlastP will be outputted in the tab-separated for-
mat and parsed as a table containing the locus_tag, protein
id, encoding products and species names of hits. Addition-
ally, the percentage identity of identical residues between
target and query sequences (identity), query coverage and
E-value will be included in the same table. By clicking on
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the locus_tag of each hit, users will be directed to the de-
tailed webpage of the hit.

References

The academic literature was recovered from PubMed us-
ing both gene identifiers and species names as keywords.
Only the literature containing the recovered species name in
its title/abstract and gene identifiers in the main texts was
linked to specific gene entry. Basic information, including
titles, authors, journals, PMIDs and DOIs of the related
literature collected for each gene, will be indicated in the
REFERENCES module tab, if any. The texts containing
keywords can be extracted and displayed after the basic lit-
erature information. The detailed abstract and full texts can
be accessed by clicking on either titles or DOIs.

Gene expression

To investigate gene function, gene expression profiles under
different environmental conditions or genetic backgrounds
are informative. Raw transcriptomic data of Synechocys-
tis sp. PCC 6803 deposited in 40 GEO datasets and 16
SRA transcriptome studies were collected and reanalyzed
using the Limma and DESeq2 packages, respectively. The
differential expressions of proteins were directly collected
from publications on cyanobacterial proteomes. In total,
CyanoOmicsDB contains 203 pairwise transcriptome com-
parisons and 25 proteome comparisons among different
culturing conditions and genetic backgrounds (Supplemen-
tary Table S3). Transcriptional or translational changes of
each gene in various comparisons, the corresponding condi-
tions, and GEO/SRP/PMID accession numbers were com-
bined and displayed in the GENE EXPRESSION module.
By clicking on these accession numbers, users will be di-
rected to the GEO Accession viewer, the SRA Run Selector,
or the published literature for more detailed descriptions of
the comparisons.

CyanoldMapping tool

For conversion of gene identifiers from different databases,
CyanoOmicsDB provides the online CyanoldMapping tool
(http://www.cyanoomics.cn/lz/id-mapping). Users can con-
vert RefSeq gene identifiers of cyanobacteria to the corre-
sponding GenBank identifiers or vice versa.

Search engines

To quickly and accurately retrieve data, CyanoOmicsDB
provides multiple ways for users to search data. First,
CyanoOmicsDB provides a search bar on the top panel of
each webpage. Using this bar, users can search any fields in
either species or gene datasheets. Second, CyanoOmicsDB
provides filters in any listing pages, using which users can
conveniently narrow down the search results.

DISCUSSION
Comparison of CyanoOmicsDB with other similar databases

So far, there are several reported databases of cyanobac-
teria with different contents, for example, CyanoBase,
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CyanoExpress, CyanOmics, CyanoClust and CyanoLyase.
A detailed comparison of CyanoOmicsDB with these
databases is shown in the Supplementary Table S4. Com-
pared with CyanoLyase and CyanoClust that focus on a
limited number of genes, CyanoOmisDB collects all genes
for each included genome. Compared with CyanOmics
that collects several transcriptome and proteome datasets
for Synechococcus sp. PCC 7002, CyanoOmicsDB inte-
grates more omics datasets for sequenced cyanobacterial
strains. Compared with CyanoEXpress that collects the
most transcriptomic datasets of Synechocystis sp. PCC 6803
so far and only provides gene transcription information,
CyanoOmicsDB integrates genomic, transcriptomic, and
proteomic data together and provides comprehensive func-
tional information for each gene of Synechocystis sp. PCC
6803, including gene annotation, homologs, gene expres-
sion, references and so on.

Undoubtedly, CyanoBase represents one of the most
comprehensive databases for cyanobacteria until now
and has been widely used in academia in the past two
decades. Compared with CyanoBase, CyanoOmicsDB in-
cludes more cyanobacterial gene entries and provides more
diverse interfaces to other gene function databases for each
gene. Besides genomic data, both transcriptomic and pro-
teomic data deposited in public databases were mined and
incorporated into CyanoOmicsDB, which will give valuable
clues for inferring gene functions.

Different gene identifiers from the GenBank and RefSeq
genome assemblies

The GenBank and RefSeq genome assembly records for
all cyanobacteria, except seven strains that were sequenced
recently, are included in CyanoOmicsDB (Supplementary
Table S1). Normally, RefSeq assemblies have the same nu-
cleotide sequences as corresponding GenBank assemblies.
Because of the reannotation by NCBI, gene annotation in
the RefSeq geneset is well maintained and not always the
same as that in the GenBank genesets. Especially, gene iden-
tifiers in the RefSeq genesets are entirely different from
those in the GenBank genesets. And it is confusing that
different gene identifiers were used to represent the same
cyanobacterial gene in academic literature and databases.
For example, CyanoBase and CyanoExpress use gene iden-
tifiers from GenBank assemblies, but CyanOmics uses those
from RefSeq assemblies. Thus, associations between differ-
ent gene identifiers and the id-mapping tool will be helpful
for researchers in this field.

A gene can be retrieved in CyanoOmicsDB using lo-
cus_tag, gene symbol or old_locus_tag, although locus_tags
are used as the primary gene identifiers in CyanoOmicsDB.
Further, locus_tags in the GenBank genesets are linked to
old_locus_tags in the RefSeq genesets for genes that are
annotated by both genome assemblies. Alternatively, gene
identifiers can be mutually converted in batches using the
CyanoldMapping tool.

Data mining of cyanobacterial transcriptomic data

The gene expression profiles can provide valuable informa-
tion on the biological functions of genes. There are mas-
sive amounts of transcriptomic data accumulated in the

public databases, and this amount is still increasing. How-
ever, they are obtained from different experiments and plat-
forms. Take the microarray data analyzed in this work as
an example, these data are generated from several differ-
ent microarray types, which contain different numbers of
probes and chip designs. Furthermore, both the culture
condition and the genetic background of each sample are
difficult to directly extract from the metadata and need
to be manually checked. Therefore, it is time-consuming
to deal with these public transcriptomic data. Until now,
CyanoOmicsDB integrates 56 transcriptomic datasets of
Synechocystis sp. PCC 6803, which encompass almost all
the transcriptomic data of this species. Data mining of other
cyanobacterial transcriptomic data is still ongoing, and the
results will be incorporated into CyanoOmicsDB in the fu-
ture.

In conclusion, CyanoOmicsDB provides a convenient
and alternative means to retrieve and analyze gene func-
tions of cyanobacteria and will be helpful to the research
community.

DATA AVAILABILITY

All raw genomic data can be found at NCBI assembly
database using the accession numbers listed in Supplemen-
tary Table S1. All raw reads and microarray data series,
whose accession numbers are listed in Supplementary Ta-
ble S3, can be downloaded from SRA and GEO databases,
respectively. Processed datasets (Supplemental Dataset 1-
3) supporting both this article and CyanoOmicsDB are
available in the Figshare repository (https:/figshare.com/s/
¢3729a3e623c6f003fc0). CyanoOmicsDB is freely available
at http://www.cyanoomics.cn/.

All genomic and transcriptomic data were from the pub-
lic NCBI assembly, GEO, and SRA databases. Accession
numbers are listed in Supplementary Table S1 and S3.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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