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ABSTRACT

Malvaceae is a family of flowering plants containing
many economically important plant species includ-
ing cotton, cacao and durian. Recently, the genomes
of several Malvaceae species have been decoded,
and many omics data were generated for individual
species. However, no integrative database of multiple
species, enabling users to jointly compare and anal-
yse relevant data, is available for Malvaceae. Thus,
we developed a user-friendly database named Ma-
GenDB (http://magen.whu.edu.cn) as a functional ge-
nomics hub for the plant community. We collected
the genomes of 13 Malvaceae species, and com-
prehensively annotated genes from different per-
spectives including functional RNA/protein element,
gene ontology, KEGG orthology, and gene family.
We processed 374 sets of diverse omics data with
the ENCODE pipelines and integrated them into a
customised genome browser, and designed multiple
dynamic charts to present gene/RNA/protein-level
knowledge such as dynamic expression profiles and
functional elements. We also implemented a smart
search system for efficiently mining genes. In addi-
tion, we constructed a functional comparison system
to help comparative analysis between genes on mul-
tiple features in one species or across closely related
species. This database and associated tools will al-
low users to quickly retrieve large-scale functional
information for biological discovery.

INTRODUCTION

The Malvaceae is a family of flowering plants containing
243 genera with 4225 known species, including many eco-

nomically important crop plants (1). These include cotton
(Gossypium spp.), a principal natural fibre source for the
textile industry; cacao (Theobroma spp.), yielding millions
of tonnes of cocoa for making chocolate; durian (Durio
spp.), a major Southeast Asian food known as the ‘king of
fruits’; and okra (Abelmoschus spp.), which is a nutritious
vegetable. These species exhibit wide phenotypic diversity in
life forms (from herbaceous to woody), flowers, fruits and
seeds. The underlying functional genomic elements need to
be deciphered to enhance their traits in productivity and
quality.

In recent years, genome sequencing data have rapidly ac-
cumulated for Malvaceae species, including Theobroma ca-
cao (2), four species of cotton (3-9), Durio zibethinus (10),
and Bombax ceiba (11). Many transcriptomic, epigenomic
and proteomic studies have uncovered the gene expression
profiles and genomic features in individual species. How-
ever, an integrative functional genomic database of multi-
ple species, enabling users to jointly examine and utilize rel-
evant data, is missing for the Malvaceae, probably due to
difficulties in collecting, analyzing, storing, and visualizing
large-scale data. The previously published CottonGen (12),
CottonFGD (13) and ccNET (14) databases are useful, but
are cotton-specific and lack functions for comparative ge-
nomics.

To provide a functional genomics hub for the Mal-
vaceae and the plant community, we developed a user-
friendly database named the MaGenDB (http://magen.
whu.edu.cn). We collected the genomes of 13 species which
coverage all genera in Malvaceae with whole genome se-
quence in NCBI genome database, and comprehensively
analysed the functional features of genes including various
RNA /protein elements, gene ontology (GO), KEGG or-
thology (KO), enzyme characterization, protein 3D struc-
ture and gene families. To date, we processed 374 sets of
diverse omics data with standard pipelines and integrated
them into MaGenDB, including ChIP-seq, DNase-seq, BS-
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seq, RNA-seq, small RNA-seq, PacBio long-read Iso-seq,
CAGE-seq, polyA-seq and mass spectra data. Based on
these comprehensive data analyses, we constructed a cus-
tomised genome browser to visualize these high-throughput
genomic data, and designed multiple dynamic charts to
present gene/RNA /protein-level knowledge such as dy-
namic expression profiles, functional elements, and interact-
ing protein networks. Furthermore, we also implemented a
smart search system for efficiently mining genes by func-
tional element, ontology annotation, and gene family. In
addition, we constructed a functional comparison system
to help comparative analysis between genes on multiple fea-
tures in one species or across closely related species.

MATERIALS AND METHODS

All data sources, data processing, and web interface fea-
tures are summarized in Figure 1. The MaGenDB consists
of four parts: data collection, gene functional annotation
and omics data processing, database construction and web
interface and toolkit development. The key steps, tools, and
generated data are summarized in Supplementary Figure S1
and described below.

Data sources

All species and genome assemblies used in this study were
collected from public databases (Supplementary Table S1).
The genome-wide association study (GWAS) and single
nucleotide polymorphism (SNP) data for genomes were
manually extracted from the NCBI PubMed database.
Diverse types of omics data—including RNA-seq, small
RNA-seq (smRNA-seq), CAGE-seq, polyA-seq, ChIP-
seq, DNase-seq, Bisulfite-seq (BS-seq) and PacBio long-
read sequencing—were downloaded from the NCBI SRA
database (www.ncbi.nlm.nih.gov/sra). Mass spectrometry
data were downloaded from the ProteomeXchange (15)
database (Figure 1A). All metadata of these omics data are
summarised in Supplementary Table S2.

Gene functional annotation

All functional elements in Malvaceae genomes were thor-
oughly annotated with a unified and standard procedure
(Figure 1B). For genomes without gene annotations, gene
models were reconstructed using StringTie (16) with de-
fault parameters from RNA-seq data, except the IGIA gene
annotation for Gossypium arboretum was recently assem-
bled from integrative multi-strategic RNA-seq data (17).
The tRNA and various kinds of ncRNA genes were pre-
dicted using tRNAscan-SE 2.0 (18) and rfam_scan with
Rfam models (19), respectively. The tandem repeats were
identified using TRF program (20). The protein-coding po-
tential scores were computed using CPAT (21). Three lo-
cal BLAST databases were built, including the NCBI Nu-
cleotide (NT), non-redundant protein, and the Arabidopsis
Information Resource (TAIR) databases (22), to which the
DNA and protein sequences of all gene models were com-
pared using blastn and blastp programs (23) with E-value
cutoff 1e-6. The GO terms and EC numbers for genes were
assigned using Blast2GO (24). The KO identifiers were an-
notated using the KAAS web server (25), and homologous
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genes were identified using the eggNOG web server (26). Po-
tential transcription-factor (TF) families of protein-coding
genes were mapped to the PlantTFDB database (27).

Various functional protein domains and RNA elements
were also identified. InterPro, Pfam, and conserved pro-
tein domains were predicted using InterProScan (28) and
InterPro database (29), PfamScan (30) and Pfam database
(31), and NCBI conserved domains (CDD) database
(32), respectively. Signal peptides, transmembrane helices
and disorder regions were predicted using signalP (33),
TMHMM (34) and IUPred2A (395), respectively. The RNA
G-quadruplexes (RG4) were predicted using QGRS (36)
and miRNA target sites were predicted by psRNATarget
web server (37). Protein 3D structures were modelled using
the SWISS-MODEL web server (38).

Comparative genome analysis

The plant genomes for comparative analysis with Mal-
vaceae were downloaded from PLAZA (39). Gene synteny
clusters between any two genomes in MaGenDB were pre-
dicted using MCScanX (40). Multiple sequence alignments
between collinear genes were built using Clustal Omega
(41).

Protein—protein interactions (PPI) were extracted from
the STRING database (42) for two Malvaceae genomes
(Gossypium raimondii and Theobroma cacao) and Arabidop-
sis thaliana. A similar but stricter strategy to that used in
STRING, transferring PPI score by gene collinearity, was
used to predict the PPI network for other genomes in Ma-
GenDB which were highly collinear. For two proteins A and
B, the ‘combined score’ from one genome was calculated as
the average interaction scores between collinear gene pairs
of A and B. The ‘combined score’ from multiple genomes
were averaged as the predicted interaction strength.

Omics data analysis

High-throughput sequencing data passing the fastQC qual-
ity control (www.bioinformatics.babraham.ac.uk/projects/
fastqc/) were used in this study. The raw reads were fil-
tered to remove the adaptors and low-quality bases using
cutadapt (43). For the omics data of RNA-seq, snRNA-
seq, ChIP-seq, DNase-seq and BS-seq, the data processing
followed the recommendations of the ENCODE pipelines
(44). Briefly, RNA-seq and smRNA-seq reads were mapped
to the genome using STAR (45). The ChIP-seq and DNase-
seq reads were mapped by BWA (46), and the BS-seq reads
were processed by Bismark (47). The gene expression quan-
tification in FPKM (Fragments Per Kb of exon per Mil-
lion mapped fragments) was computed by StringTie (16).
The peaks for ChIP-seq and DNase-seq were identified by
MACS?2 (48) and Hotspot2 (newer version of Hotspot) (49),
respectively.

For CAGE-seq and polyA-seq, the 5" random barcodes
were extracted and trimmed before mapping. The poten-
tial rRNAs and PCR duplicate reads were removed, and the
cleaned reads were mapped to the genome using STAR in
End-to-End mode.

For PacBio data, the long subreads were corrected with
RNA-seq data using proovread (50) to reduce the sequenc-
ing errors. The corrected reads were aligned to the genome
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Figure 1. Schematic of MaGenDB. (A) Data sources included 13 species from five subfamilies in Malvaceae and associated gene models, GWAS, eight types
of sequencing data, and MS data. (B) Summary of data processing and obtained biological knowledge. (C) All data are stored in a MySQL relationship
database with additional indexes. Django and React frameworks are used for interactive queries between frontend and backend. (D) Overview of the web
interface and usage of MaGenDB. Main functions or data are listed under the first-level menu. The dashed lines indicate the linkages between different

pages.

using STARlong with the parameters recommended by the
PacBio official documentation.

The raw mass spectra data were converted to mgf format
using ProteoWizard (51) before peptide searching. The pro-
grams SearchGUI (52) and peptideShaker (53) were used
to match the MS/MS fragmentation spectra to peptide se-
quences with default parameters. The genomic positions
of matched peptides were recovered using custom Python
scripts.

Data integration

We integrated functional annotations at gene, transcript,
and protein levels for different categories separately in the
MySQL database. Tables for unique genes, transcripts, and
proteins were created by genomic positions. For one specific
type annotation, the functional information was mapped to
the unique records to remove redundancy. For gene-level
element annotations, we merged genomic blocks to build
‘dense’ format track in the GeneWiki page, while for func-

tional annotations (e.g. GO-term), the information from the
longest transcript was used.

Database construction

All pre-processed data were integrated into the MaGenDB
MySQL database, in which different tables were associated
together by the functional element, ontology, and genomic
position (Figure 1C). Django framework was used to pro-
vide query and computation supports from the database
backend.

Web interface and toolkit development

A user-friendly web interface was developed by React
framework (Figure 1D), and multiple customised dynamic
charts were implemented using BizCharts library. All ge-
nomic features and omics data were visualised using
JBrowse (54) and its plugins. The BLAST server was driven
by Sequenceserver (55). The PCR primer design was im-



Table 1. Summary of MaGenDB data
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Data Statistics
Subfamily/Genus/Species 5/9/13
Transcripts/Proteins 759 700/728 366
Types of omics data 9

Omics data samples 374

GO/KO/EC annotation

Gene/TF families

BLAST annotation (NT/NR/TAIR)
Types of functional elements
Functional elements

Synteny gene pairs

Protein-protein interactions

Protein 3D structures

494 364/254 551/85 157

656 516/280 976

63313 713/307 542 675/635 804
7

24 855 369

28976 317

170 660 615

98 831

Table 2. Query fields and examples in smart search system

Query field Query content Query example

Name Locus/Transcript/Protein name GhRDLI1

Name Locus/Transcript/Protein ID Gal4g01129.F1

Name TAIR homolog gene symbol ACX3

GO GO accession ID GO:0000032

KO KO accession ID K11091

KO KEGG ontology name ATPF1B, atpD

EC Enzyme Commission ID 1.17.7.2

EC Enzyme Commission name Very-long-chain 3-oxoacyl-CoA synthase
KEGG pathway KEGG pathway ID ko04024

KEGG pathway KEGG pathway name cAMP signaling pathway
KEGG model KEGG model ID MO00087

KEGG model KEGG model name Fe-S protein

KEGG disease KEGG disease ID H00254

KEGG disease KEGG disease name Lysosomal acid lipase deficiency
InterPro domain InterPro ID IPR0O01736

InterPro domain InterPro domain name cd01254

Pfam domain Pfam ID PF00614.22

Pfam domain Pfam domain name PLDc

CDD domain NCBI CDD ID 197200

TF family TF family name C2H2

eggNOG gene family eggNOG root name EOY 06593

eggNOG gene family eggNOG hit gene COG1502

plemented by Primer3 (56) with customization to accom-
modate support for alternative splicing events. The GO en-
richment analysis was provided using R package topGO.
Protein 3D structure was presented using NGL viewer (57).
GenomeSyn viewer was developed to visualize gene synteny
clusters between two genomes. All programs and packages
used in this study are listed in Supplementary Table S3.

RESULTS
Overview of MaGenDB

MaGenDB (http://magen.whu.edu.cn) is a family-level
functional genomics hub for Malvaceae plants, which con-
tains 367 available deep-sequencing data of eight types for
13 species (Figure 1A). For each genome, the database
provides multiple functional annotations, DNA variations,
chromatin and RNAP II states, and RNA landscape in-
cluding gene expression across different tissues (Figure 1B).
The GO/KO/EC annotations, gene family, and TF fam-
ily for 759 700 transcripts are stored in MaGenDB. About
370 million BLAST annotations to the NT, NCBI non-
redundant protein database, and TAIR are saved in Ma-
GenDB. More than 24 million functional elements are an-
notated, including InterPro domains, Pfam domains, CDD,

signal peptides, transmembrane helices, protein disorder re-
gions and RG4. The database contains 170 660 615 PPIs
and 98 831 protein 3D structures from prediction (Table 1).
The coding-potential scores for all transcripts and the pro-
teins with mass spectrometry evidence were recorded. For
comparative genome analysis, 51 other plant genomes were
collected (Supplementary Table S4) and a total of 28 976
317 gene syntenies were annotated (Table 1).

The MaGenDB is aimed to be a user-friendly compar-
ative functional genomics database, in which multiple dy-
namic charts and hyperlinks are generated. The web pages
were well-designed, and several useful tools were developed
in MaGenDB for researchers (Figure 1D). A detailed user
guide was provided to help use MaGenDB efficiently. The
database was designed to also be compatible with tablet and
phone devices. All data stored in the MaGenDB are freely
accessible and downloadable for academic purposes.

Smart search system

For users to quickly find the data of interest, a smart search
system was designed for genes, transcripts, and proteins.
The supported queries include the gene symbol; the iden-
tifiers of gene, transcript, and protein; the name and iden-
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Figure 2. Functional annotations in GeneWiki. (A) Different types of functional annotations in GeneWiki page. (B) Custom figure and table showing the
positions and details of MS evidence for a protein. (C) Bar plot and table showing the gene expression level in FPKM across different tissues. (D) Custom
dynamic charts and tables of functional elements annotated for a protein. (E) An interactive view of the PPI network for the query protein. (F) Dynamic

visualization of the predicted 3D structure and the model details for a protein.

tifier of KO, EC, KEGG pathway, KEGG model, KEGG
disease, InterPro domain and Pfam domain; the identifier
of GO and CDD domain; the name of TF family; and the
name of eggNOG gene family (Table 2).

For example, the gene name ‘Pgam5’, TAIR gene sym-
bol, or gene ID ‘Ga01g00214.F3’ can be used to query
the same gene. Fuzzy matching is supported, for example,
‘cAMP’ instead of ‘cAMP signalling pathway’. Addition-
ally, the search box can trigger the appearance of a list of
suitable queries that is filtered as the user types.

GeneWiki

GeneWiki is the page where MaGenDB displays all func-
tional annotations for gene, transcript, and protein (Figure
2), such as gene structure, ontology annotation, gene ex-
pression, mass spectra evidence, functional domains, gene
synteny and predicted protein 3D structure. Users land in
this page from the ‘Search’ page or other hyperlinks. De-

tailed data can be viewed as organised sections by clicking
the drop-down buttons (Figure 2A).

For a gene locus, the information of gene symbol, tax-
onomy, genomic position and gene type are shown in the
‘Summary’ section. Users can view the taxonomy, jump to
the genome browser, or download DNA sequences via hy-
perlinks. All unique transcripts and proteins are listed in the
‘Transcript information’ and ‘ORF information’ sections,
respectively (Figure 2A).

The ‘Functional annotation’ section contains the NT an-
notation and Arabidopsis thaliana homolog gene predicted
by BLAST. The annotation of eggNOG gene family and TF
genes from PlantTFDB are arranged in the sections ‘Gene
family’ and ‘TF family’. The GO, KEGG ontology annota-
tion, pathway, model and disease annotation, and enzyme
commission annotation are listed in the ‘Ontology annota-
tion’ section (Figure 2A).

The mass spectra evidence from the different sources is
shown using dynamic charts and tables (Figure 2B). The
detailed information includes data source, matched pep-
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considering alternative splicing (AS) events.

tide, and peptide-spectrum match (PSM). The elements
can be viewed at multiple linear scales including gene
locus, mRNA transcript, and amino acid sequence of
protein.

The ‘Gene expression’ section shows the expression pro-
files in different tissues, with error bars indicating the stan-
dard deviation among different datasets (Figure 2C). The
expression values in FPKM of each data set are shown in
the bottom table.

The ‘Functional element’ section includes InterPro do-
main, NCBI CDD domain, Pfam domain, signal pep-
tide, transmembrane helices, disorder region, and RG4, dis-
played by dynamic charts in different colours (Figure 2D).
The protein network interacting with the query gene is
shown in an interactive chart (Figure 2E). The combined
scores of interactions are shown and can be used to filter the
network. The information for a specific gene appears when
clicking the corresponding node. The 3D structure model of
protein predicted using SWISS-MODEL is displayed as an
interactive figure in the ‘Protein 3D structure’ section (Fig-
ure 2F). The sequence alignment between the protein and
its template can be dynamically explored.

Genome browser and multi-omics data integration

All gene models, processed omics data, annotated func-
tional elements in MaGenDB are visualised using cus-
tomised JBrowse with suitable default settings (Figure 3A).
A set of plugins were configured to enhance the functional-

ity and usability of the browser including generating high-
resolution figures (58). The user can conveniently explore
the gene of interest by entering the genomic location or
following hyperlinks in other pages like GeneWiki. Similar
tracks are organised into track groups. The tracks can be
shown or hidden by ticking on or off. All functional data
are unified in the same coordinate system, and hypotheses
are often proposed from jointly exploring multiple tracks
simultaneously.

Functional genomics tools in MaGenDB

There are many useful genomics tools in MaGenDB that
can aid researchers to explore and analyse the data (Figure
3B). Users can get annotation data in batches, perform dif-
ferent BLAST operations (Figure 3C), dynamically visual-
ize multiple genes (in the same pathway or complex, or with
same functional domain) in chromosomes simultaneously
(Figure 3D), and design primers with options for alterna-
tive splicing (AS) events (Figure 3E). A topGO-based GO
enrichment service is also provided online.

Comparative genomics tools in MaGenDB

The MaGenDB includes several ingenious comparative ge-
nomics analysis tools. The genes of interest are managed by
adding or removing gene from the ‘gene list’, a comparative
analysis framework (Figure 4A). Because the functions of
collinear homologous genes tend to be similar (59), their ex-
pression patterns in different plant tissues often have similar



D1082 Nucleic Acids Research, 2020, Vol. 48, Database issue

A cene | o B Gene expression matrix
= o Tao orsor -
0 evm.model.Scaffold303.91 | | Goni S&i&iﬁéﬂfffﬁ? i*m
Remove from CoriGUSGT140001 16221321 1 i . B
) 0 1
© swwosrrtgenelist —(®) e oz I | @ genome: Bai 10 !
0 Gohir DOSG060500.1.v1.1 i 8) R = = Expression Level: 261.312 01
> GohirAT2G199100241.1 SD: 8.738 L
Tancrt § e B
G D1260212001
D Gbar_D07G003610.1 I ] g Gbar_A126021260.3
@ e mll
D evm model Scaffold303 91 [] LOCT11290775. [
Locriass
evmmodelScaffoldise276 i I
Protein evm.model Scaffolds3.15 |
. Tt e 0 A R % %Y, %%. %% % % %,
© como_oros ] % % 4%3%;?/% OO ’3%@;@)};@;«»;«&: 3
Q Tc09v2_t001510.1 I} Tissues
=2 e — G. arboreum
G. hirsutum
G. hirsutum
Query G. raimondii
gene AN V. vinifera
8 Torget — o — N. nucifera
gene
Ga02g00472.F1
CotAD_31910
Gohir.D03G049100.1
Gorai.003G050400.1
L — : GSTVIT01001112001
Chro1 AO1 NNU_22327-RA
Ga01g00214.F3 Gohir.A01G019800.1
D InterPro domain
Ga05g02643.F1
) —
swoosiz
e |
root0 .
mens Lost due to alternative TSS —
R —
orinesuar
cwsazmzes
aosazsese it
e
F p12 D13 chros
D11 T AO1
‘evm.model.Ga05G2709 LOSt dUe tO AS \
SSFS6024. \
o —_— D09 , "\
oo - A05
SR80 D08
faa Query genome
Lo D07 G. arboreum
swoorss o6 A06
esonss - —
s - Target genome
e —_— D05 AO7 G. hirsutum
o - o D04
Juste - A08
D03
s DO1
um”:..‘,: . e A10

Figure 4. Comparative genomics tools in MaGenDB. (A) Management of gene list of interest for comparative analysis. (B) Gene expression heatmap
across different tissues for collinear genes to a query gene from the GeneWiki page. (C) Genomic position mapping of collinear genes. (D) Comparison of
functional domains between two proteins. Grey box marks the missing region in one vs the other. (E) An interactive view of multiple alignments of collinear
genes from the gene structure perspective. (F) A circular view of the gene synteny clusters between G. arboreum Chr06 with G. hirsutum chromosomes.

characteristics (60). The MaGenDB can automatically gen-
erate gene expression heatmaps for all genes in the synteny
block of the query gene, as shown in a fiber and ovule early
stage specific gene example, of which the collinear genes
have same expression pattern (Figure 4B). Furthermore, the
chromosomal locations of collinear gene clusters can be vi-
sualized interactively (Figure 4C).

To intuitively evaluate the effects on proteins of alter-
native RNA processing, we developed the gene compara-

tor tool to compare biological annotations and functional
structures between two gene loci, transcripts, or proteins.
An example is shown in Figure 4D, in which the protein
Ga05g02643.F1 lost almost two-thirds of the amino acid
sequence compared to the protein evm.model.Ga05G2709
due to alternative transcription start sites, and so the
Ga05g02643.F1 protein is missing a significant amount of
InterPro domains. The Gene Synteny viewer was developed
to compare gene structures between collinear genes. The



multi-alignments are dynamically presented, which facili-
tates discovery of conserved elements, as shown in Figure
4E. The gene synteny clusters between two genomes can
be dynamically presented with GenomeSyn viewer as cir-
cular plot. As shown in Figure 4F, the Chr06 from diploid
G. arboretum and the two homologous chromosomes from
tetraploid G. hirsutum have the largest synteny blocks, indi-
cating good quality of our results.

DISCUSSION

The MaGenDB fills the gap for an important plant family,
integrates large-scale diverse omics data, implements com-
prehensive data visualization methods and constructs a new
functional comparison system. A total of 374 processed
omics data of nine techniques, 18 types of annotation and
>24 million functional elements are stored in MaGenDB
and presented in a user-friendly way using well-designed
custom dynamic charts. The large set of curated data sets
and several powerful tools provide comparative functional
genomics resources and services. Thus, MaGenDB will be
useful for plant and evolution scientists in both experi-
mental and computational directions. The differences be-
tween MaGenDB and other cotton-specific databases are
also summarized in Supplementary Table S5. In the future,
we will continuously update MaGenDB as new Malvaceae
genomes and omics data become available, and will add
more annotation and functionalities to the database includ-
ing whole genome alignments in the context of comparative
genome analysis, and other types of omics data such as Hi-
C, ChIA-PET and CLIP-seq data.
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