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Abstract

Background Citrus is a major fruit crop, and RNA-sequencing (RNA-seq) data can be utilized to investigate its gene
functions, heredity, evolution, development, and the detection of genes linked to essential traits or resistance to
pathogens. However, it is challenging to use the public RNA-seq datasets for researchers without bioinformatics
training, and expertise.

Results OrangeExpDB is a web-based database that integrates transcriptome data of various Citrus spp., including
C. limon (L) Burm., C. maxima (Burm.) Merr,, C. reticulata Blanco, C. sinensis (L.) Osbeck, and Poncirus trifoliata (L.)

Raf, downloaded from the NCBI SRA database. It features a blast tool for browsing and searching, enabling quick
download of expression matrices for different transcriptome samples. Expression of genes of interest can be easily
generated by searching gene IDs or sequence similarity. Expression data in text format can be downloaded and
presented as a heatmap, with additional sample information provided at the bottom of the webpage.

Conclusions Researchers can utilize OrangeExpDB to facilitate functional genomic analysis and identify key
candidate genes, leveraging publicly available citrus RNA-seq datasets. OrangeExpDB can be accessed at http://www.
orangeexpdb.com/.
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Background

Belonging to the Rutaceae family, the Aurantioideae
subfamily encompasses a variety of species, including
Citrus sinensis and its related genera [1]. Oranges and
their products are greatly appreciated for their nutri-
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disease [7]. P. trifoliata is often used as rootstock for C.
sinensis and has displayed a certain level of tolerance to
HLB [8]. Unfortunately, Candidatus Liberibacter asiati-
cus, Ca. L. africanus, and Ca. L. americanus, which are
the causal agent of HLB, are yet to be cultured and there
are no HLB-resistant citrus varieties [9]. The inability to
culture the HLB pathogens renders it difficult to inves-
tigate the pathogenesis [10]. In addition, various issues
need addressing, including yield, flavor, ripening time,
stress resistance or tolerance, and mutation [11]. With
the rapid progress of Next Generation Sequencing (NGS)
technology, a vast quantity of Citrus transcriptome data
has been collected, offering researchers the opportunity
to address many challenging questions.

In the past decade, the advancement of NGS has gener-
ated a large amount of sequence data [12]. By 2023, more
than 2,400 samples of Citrus spp. have been published
in the NCBI Sequence Read Archive (SRA) database
[13, 14]. In recent years, RNA-seq technology has been
increasingly used to investigate various aspects of Cit-
rus spp., such as gene expression changes caused by HLB
[15-20]. Researchers have utilized this technique to build
co-expression networks for analyzing core transcription
factors in citrus development and stress responses [21,
22]. However, raw data for RNA-seq is scattered across
multiple databases, including SRA, European Nucleotide
Archive (ENA), and Genome Sequence Archive (GSA),
making access difficult [23]. Furthermore, the data is
often fragmented. As data growth continue to accelerate,
there is a need for a standardized and simplified method
of accessing gene expression data [24].

Recently, numerous online databases have been estab-
lished, including CPBD [25], NGDC [26], TeaPGDB [27],
BarleyExpDB [24], PlantcircBase [28], GRooT [29], PHI-
base [30], and MPDB [31]. Notebly, these databases not
only store data, but also offer various tools for analyzing
biological data, such as BLAST [24, 25]. TeaPGDB, for
example, is a user-friendly platform for tea plant genome,
providing access to seven tea genome sequences and five
tool sets, including “Gene Search’, “BLAST’, “JBrowse’,
“SSR” and “Download” [27]. PlantcircBase is a database
that consolidates all plant-circRNA data [28]. Impor-
tantly, BarleyExpDB contains transcriptional profiles of
barley across various growth and developmental stages,
tissues, and stress conditions [24]. These databases are

Table 1 Statistics of BioProjects and BioSamples of Citrus spp. in
this study

Species BioProjects BioSamples
Citrus sinensis (L.) Osbeck 61 920
Citrus limon (L.) Burm. 11 117
Citrus maxima (Burm.) Merr. 28 294
Citrus reticulata Blanco 19 182
Poncirus trifoliata (L.) Raf. 15 125
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useful for analyzing the intricate regulatory mechanisms
of various organisms. Despite the availability of multiple
genomes of available. sinensis, a comprehensive and cen-
tralized database of RNA-seq datasets for Citrus spp. is
still lacking.

In this study, we have created OrangeExpDB, a database
containing transcriptome data from 1,638 samples of five
citrus species including C. limon, C. maxima, C. reticu-
lata, C. sinensis, and P, trifoliata (Table 1). The expression
profiles of genes in various tissues, developmental stages,
and stress conditions can be easily downloaded and uti-
lized. OrangeExpDB empowers researchers to access cit-
rus RNA-seq data, thus facilitating the subsequent study
of critical questions related to citrus.

Construction and contents

Species selected

Our database includes five species of Citrus: C. sinen-
sis, C. limon, C. maxima, C. reticulata, and P. trifoliata.
C. maxima, C. sinensis, C. limon, and C. reticulata are
severely affected by HLB [32-35], whereas P. trifoliata is
often used as a rootstock and shows tolerance to HLB [8].
Therefore, we chose the five representative citrus species
to construct the database.

Acquisition of reference genomes

The Citrus Pan-Genome to Breeding Database (CPBD;
http://citrus.hzau.edu.cn/download.php)  [25]  pro-
vides reference genomes and annotation informa-
tion for C. maxima (http://citrus.hzau.edu.cn/data/
Genome_info/HWB.v1.0/HWB.v1.0.genome.fa), C.
reticulata (http://citrus.hzau.edu.cn/data/Genome_info/
JZ.v1.0/]Z.v1.0.genome.fa), and C. sinensis (http://cit-
rus.hzau.edu.cn/data/Genome_info/SWO.v3.0/SWO.
v3.0.genome.fa). The reference genome and annotation
information of P trifoliata was downloaded from the
Phytozome database v13 (https://phytozome-next.jgi.
doe.gov/info/Ptrifoliata_v1l_3_1). Genome sequences
and annotation information of C. limon are available
at citrusgenomedb (https://www.citrusgenomedb.org/
Analysis/1470607).

BioProjects and BioSamples

OrangeExpDB was created by collecting RNA-seq data
from five species, resulting in a total of 134 studies
(Table 1). C. sinensis had the highest number of studies
at 61, followed by C. maxima with 28, C. reticulata with
19, P, trifoliata with 15, and C. limon with 11. The datas-
ets for each species were categorized into several groups
based on stages/tissues, mutants, and stress treatments.

Collection and option
To streamline the screening process, we compiled infor-
mation from NCBI and relevant literature, including
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project names, sample names, and library names. We also
renamed some samples, of which the names were with
unclear or ambiguous meanings, after checking relevant
literature. Descriptions of each project were obtained.
The RNA-seq raw data was downloaded from the NCBI
SRA database and converted to fastq format using SRA
toolkit v2.10.9 [36], resulting in a total of 1,638 samples
(Table 1 and Supplementary Table 1). Adaptor and low-
quantity sequences in the fastq files were removed using
trimmomatic v0.39 [37]. HISAT2 was used to build the
index for genomic assembly and comparison of RNA-
seq reads. The resulting file was in SAM format, which
was processed using samtools v1.13 with parameters ‘bS’
and ‘sort’ [38]. Finally, stringtie v2.2.1 and a self-written
Python script (https://github.com/Viper-Chang/Batch-
analysis-of-transcriptome-data) were used to extract the
expression matrix of FPKM [39]. In order to provide con-
venience to users, we have also uploaded the TPM values
of all genes for each species in our database at “DOWN-
LOAD” page. The heatmap on the webpage was created
using plotly [40]. The matrix was stored, maintained and
operated using MySQL v5.6.50 (Fig. 1).

Database commons and interface

Our web server is hosted on Tencent Cloud’s lightweight
application server, which is equipped with four Intel(R)
Xeon(R) Platinum 8255 C CPUs clocked at 2.50 GHz and
8 GB of RAM. Access to the website is free of charge,
as our purpose is not commercial. The Operating Sys-
tem (OS) running on the server is CentOS v7.9 (http://
www.centos.org), a Linux-based OS. The web inter-
face was designed using HTML (https://www.w3.org/
html/), JavaScript (https://www.javascript.com/) and
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CSS (http://www.w3.org). The server-side back-end was
encoded using PHP, and scripts were written in PHP to
search data from MySQL and retrieve it to the front-end

(Fig. 1).

Community module

Home

OrangeExpDB provides access to five citrus reference
genomes including C. sinensis (reference genome: Cit-
rus sinensis v3.0), C. limon (reference genome: C. limon_
EMEF-UC_v1-Primary_genome), C. maxima (reference
genome: Citrus grandis (L.) Osbeck.cv/Cupi Majiayou’
v1.0), C. reticulata (reference genome: Citrus reticulata
v1.0) and P, trifoliata (reference genome: Poncirus trifo-
liata v1.0). Each study is provided with a tag containing
a summary of the study (Fig. 2A). A search box allows
users to query gene expression of interest, accommodat-
ing up to 500 genes at a time. For more than 500 genes,
users can submit multiple queries or download the raw
data to extract the desired information (Fig. 2B).

Introduction

OrangeExpDB provides a brief introduction and a drop-
down menu for browsing the “Materials and Methods”
used to construct the database. Users can access the
analysis tools, t commands and parameters. Additionally,
the interface provides a comprehensive description of
each RNA-seq study, including sample accession number,
stages/tissues, treatments, and other data (Fig. 2C).

Blast tool
OrangeExpDB offers an online BLAST service for iden-
tifying genes with only sequence fragments and no gene
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Fig. 1 The procedure for creating the OrangeExpDB database. Raw sequencing data of RNA-seq studies were obtained and filtered, then aligned with
the reference genome, resulting in a gene expression matrix. Gene functional information was subsequently annotated and functional modules such as

“Blast”, “Search”and “Download” were added to the OrangeExpDB website


https://github.com/Viper-Chang/Batch-analysis-of-transcriptome-data
https://github.com/Viper-Chang/Batch-analysis-of-transcriptome-data
http://www.centos.org
http://www.centos.org
https://www.w3.org/html/
https://www.w3.org/html/
https://www.javascript.com/
http://www.w3.org

Liu et al. BMC Genomics (2024) 25:521

INTRODUCTION ~ BLAST ~ DOWNLOAD  ABOUT  LINKS

@mngeEHpDB "
Generate Your Heatmap !

Citrus sinensis (L) Osbeck Citrus limon (L) Burm

o £ =

Gitrus maxima (Burm.) Merr. _ Gitrus reticulata Blanco g
© ¢ AR

‘GENOME + ] GENOME + sk )
8 0

Poncirus trifoliata

" i ®

Page 4 of 7

INTRODUCTION ~ BLAST  DOWNLOAD ~ ABOUT  LINKS

@mngeiupl)l!m
P

protein At5g08430 isoform  GYEPluS3S
Cs.0nt 19000040

C5.0nt_ 19000050 Potassium transporter  K_trans

Protein SENSITIVE TOPRO  2(-C2H22:

C5.0nt_ 19000060
TON RHIZOTOXICITY met

Cs.0nt_19000070

(Bategory

_ sess 7

Development 7 Transgenic

DOWNLOAD ~ ABOUT  LINKS
V1o
OrangeExpDB is an online Citrus transcriptome database that provides expression data for a variety of Citrus RNA-seq

@mngetu‘,pn How e

samples, including 9 Citrus limon projects, 18 Citrus reticulata projects, 56 Citrus sinensis projects, 14 Citrus trifoliata

projects and 26 Citi projects. Additionally, the platform also offe ical tools such as online blast, search
function, and download tools, thus funishing a convenient and reliable research foundation for researchers.

was subjected

: 39, Subsequently, Hisat2 v2.2.1 and StringTie
w221 gments pe of transeript per reads 5

@SNENSS  CUMON  CMAXMA  CRETICUATA  C.TRIFOLATA

BioProject Publication Bytes

Nanopore long read RNAseq reveals transcripton
PRINABS942 porelony - POl s Asia China china
varitions n citrus species

Bidirectional mANA transfer between Cuscuta australis

PRINABA7378 56460 Asia china china
andits hosts.

geo.loc_name_country_continent  geo_loc_name_country geo_loc_name

‘Suppression of citrus canker disease mediated by
PRUNAB36261 177960
flagellin perception
‘The plant protection preparation GZM improves crop
PRINAB27341 13.036b Asia china
immunity, yield, and quality

An effector of ‘Candidatus Liberibacter asiaticus’
PRINAT97721 221560 Asia china
‘manipulates autophagy to promote bacterial infection
A chromosome level phased Gitrus sinensis genome
facitates understanding Huanglongbing tolerance

not applicable: not applicable not applicable:
China:Guangdong

China:Chongaing

Blast Search

Enter query sequences here in Fasta format

Or upload sequence fasta fle: (SIAS.. Aia¥2¢t.
Program [blastn v Database(s) c. sinensis CDS

And/or upload sequence fasta file: (BIS..| omsesztt.

744 i America i
PRINAT3S693 mechanisms at the allelic level in an irradiation-induced aech Horth Ameic s VA Floride
mutant
PRINA7O2482 408400 asia china China: J\amm’ ) neser )
miR156 regul matic emt nesis - —
PRUNA778304 56 requletes somatio embryogenceis by 42.44Gb. North America UsA USA: Lake Alffed,
modulating starch accumulation ncirus
@ ranacExpDB HOME  INTRODUCTION  BLAST ABOUT  LINKS @ ranacExpDB HOME  INTRODUCTION  BLAST  DOWNLOAD LINKS
9eCrpb .., 9eCHPIB, .,
Download (TPM) About Us
Designer: Ruimin Li ; Licao Cui (ZFHEER; EESZIR)
Citrus sinensis (L.) Osbeck () Database Producer: Chang Liu ; Tingting Li (XU#5; ZE4545)
PRUEB6342 PRINAZ03307 PRINA261357 PRINA299762 PRINAS04618 PRINA339838 Dota Analyst: Chang Liu ; Guiyan Huang (XU8%; SAEHE)
PRINA340305 PRINA3S0362 PRONASB4780 PRINA387319 PRINA394061 PRINAI7324
Gannan Normal University

PRINAI28873 PRINAG26949 PRINA29167 PRINAA71063 PRINA48ES76 PRINASOS360

PRINASO8424 PRONASIST6S PRONASE6421 PRINAST3296 PRINAST6978 PRINAST904 Jiangxi Agricultural University

PRINASO7410 PRONAGOZ381 PRINAGI2768 PRINAG29965 PRINAGI6131 PRINAGAZ106

PRINAG7249 PRINAGG7275 PRINAGT0516 PRINAGSS213 PRINAGI1971 PRINA7O3S46 Northwest A&F University

PRINA7O4425 PRONATIS742 PRINAT23633 PRINA735693 PRINA7ATIZS PRINATAB945

PRINA7S2966 PRINA7S5699 PRINATSS969 PRINATIE232 PRINAT76304 PRINA7E0217

PRINA7BS525 PRONATO2482 PRINATO7721 PRINAB27341 PRINABI6261 PRINAB39431

PRINABATITE PRONAB94942

Citrus fimon (L) Burm ‘

@€ = @
Call Email Admin

07978393359 liuchang@gnnu.edu.cn

Fig. 2 An overview of OrangeExpDB database. A and B Homepage of OrangeExpDB. C Introduction of OrangeExpDB. D Blast tools of OrangeExpDB. E
Download page of OrangeExpDB. F Contact information and relevant hyperlinks

IDs. Users can submit sequences in Fasta format, includ-
ing amino acid and nucleotide sequences, or upload
them in a text file format. Five BLAST algorithms (e.g.,
BLASTN, BLASTP, and TBLASTX) are available to
identify possible homologous sequences. Results are dis-
played in order with the top candidates presented side-
by-side for easy comparison (Fig. 2D).

Downloads

On the “Download” page, users can download or re-ana-
lyze the matrix of FPKM and TPM values of interested
BioProjects or BioSamples (Fig. 2E).

About

The authors who contributed to the design and construc-
tion of the database are featured on the “About” page
(Fig. 2F). Additionally, generic external links are acces-
sible for further information.
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Links
The databases utilized in this study can be found on the
“Links” page.

An example for users

To facilitate the use of the database, a straightforward
example has been created to extract gene expression
matrices of interest from selected BioSamples (Fig. 3).
Users can select one of the five citrus Latin names dis-
played on the home page (Fig. 3A). Then, they can enter
the identifiers of the desired gene locus, choose the cat-
egory of the BioProjects, select the relevant BioSamples
and submit (Fig. 3B). The results page displays detailed
gene locus and BioProjects information, along with a
download link containing the expression values of the
specified genes from the selected BioSamples and a heat-
map (Fig. 3C). Detailed information of the BioSamples
including relevant publications, experiment accession,
genotype/phenotype, stage/tissue and sequencing plat-
form is presented at the bottom of the page (Fig. 3D).
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Prospects

OrangeExpDB is a dynamic database that offers con-
venient access to gene expression data for various cit-
rus species. It will be regularly updated with the latest
genomic information to ensure the accuracy of the
expression matrix for each species. OrangeExpDB is
designed to accommodate growing data and can be eas-
ily expanded. In future updates, the database will also
include features for identifying RNA-editing sites and
integrating single-cell RNA sequencing (scRNA-seq)
data. Python scripts will be provided to simplify usage,
and contributions from external groups and individuals
are encouraged.

Conclusions

OrangeExpDB is a comprehensive web-accessible data-
base of RNA-seq data for citrus plants. It enables users
to quickly search for information using known gene IDs,
as well as providing expression levels of various tissues,
developmental stages, and stresses. Additionally, the
database provides useful tools such as function anno-
tation, visualization, and result downloading. Orange-
ExpDB is a valuable resource for researchers looking to
access and utilize transcriptome.

B

Fig. 3 A demonstration of the usage of OrangeExpDB database. A Selection of interested species. B Each option for generating the expression value of
candidate genes. C An example of the result page. D The sample information in the result page
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Abbreviations

BLAST Basic Local Alignment Search Tool

FPKM Fragments Per Kilobase of Transcript Per Million Mapped Reads
NCBI National Center for Biotechnology Information

PCA Principal Component Analysis

RNA-seq RNA-sequencing

SRA Sequence Read Archive

T2T Telomere-to-Telomere

TPM Transcripts per million
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The matrix of gene expression is composed of FPKM values from 134 studies,
which are all accessible from OrangeExpDB.
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