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ABSTRACT

The Sapindaceae family, encompassing a wide
range of plant forms such as herbs, vines,
shrubs, and trees, is widely distributed across
tropical and subtropical regions. This family in-
cludes economically important crops like litchi,
longan, rambutan, and ackee. With the wide
application of genomic technologies in recent
years, several Sapindaceae plant genomes have
been decoded, leading to an accumulation of
substantial omics data in this field. This surge in
data highlights the pressing need for a unified

genomic data center capable of storing, sharing,
and analyzing these data. Here, we introduced
SapBase, that is, the Sapindaceae Genome Da-
tabase. SapBase houses seven published plant
genomes alongside their corresponding gene
structure and functional annotations, small RNA
annotations, gene expression profiles, gene
pathways, and synteny block information. It of-
fers user-friendly features for gene information
mining, co-expression analysis, and inter-
species comparative genomic analysis. Fur-
thermore, we showcased SapBase's extensive
capacities through a detailed bioinformatic
analysis of a MYB gene in litchi. Thus, SapBase
could serve as an integrative genomic resource
and analysis platform for the scientific explora-
tion of Sapinaceae species and their com-
parative studies with other plants.
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INTRODUCTION

he Sapindaceae family, also known as the soapberry

family, comprises 141 genera and approximately 1,900
species (Acevedo-Rodriguez et al., 2010). These species
are predominantly found in tropical and subtropical regions
and manifest as trees, shrubs, as well as woody or herba-
ceous vines. The family exhibits diverse reproductive
features, with some species being dioecious and others

© 2024 Institute of Botany, Chinese Academy of Sciences.

monoecious. The economic importance of many Sapinda-
ceae species is notable, with some providing delicious
fruits such as litchi (Litchi chinensis), longan (Dimocarpus
longan), rambutan (Nephelium lappaceum), and ackee
(Blighia sapida)—the national fruit of Jamaica, and others
valued for their abundant secondary metabolites, such as
saponins from soapberry (Sapindus mukorossi) and seed oil
from yellowhorn (Xanthoceras sorbifolium). Additionally,
some species, including maple (Acer spp.) and buckeye
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(Aesculus glabra) are valued for their timber while others
like balloon-vine (Cardiospermum halicacabum) are recog-
nized for their medicinal properties.

The last decade has seen a surge in next-generation se-
quencing (NGS) and genomic technologies, leading to the
sequencing of full genomes for several Sapindaceae plants
(Lin et al., 2017; Liang et al., 2019; Yang et al., 2019; Zhang
et al., 2021; Hu et al., 2022; Xue et al., 2022). Notably, our
recent publication on the litchi genome has also garnered
significant attention (Edger, 2022; Hu et al., 2022; Lyu, 2022).
These mark the advent of the post-genome era for the
Sapindaceae family. Despite these advancements, there
remains a lack of a public genomic database for any
Sapindaceae species, let alone an integrative database for
the entire family. Addressing this gap, we have combined our
in-house NGS data with all available public data for seven
Sapindaceae plants to create the Sapinaceae Genome
DataBase (i.e., SapBase) (www.sapindaceae.com). This
platform aims to furnish comprehensive genomics resources
and offer a powerful online analytic tool for the scientific
exploration of Sapinaceae species and their comparative
studies with other plants.

RESULTS

Overview of SapBase

Currently, SapBase hosts genomic resources for seven
Sapindaceae species, including litchi, longan, rambutan,
soapberry, balloon-vine, acer, and yellowhorn (Figure 1B).
The database encompasses 16 genomes with complete
sequences, 411 resequencing genomic data sets totaling
4.82 TB, and 919 RNA-seq data sets (10.3 TB) from 49
projects, and 501 small RNA (sRNA) loci sourced from
the sRNAanno database (Chen et al., 2021). Altogether,
SapBase contains data on 514,422 genes comprising
893,747 transcripts, with functional annotations provided
for 501,479 of these genes. Furthermore, 4,577 functional
domains have been annotated for 392,123 genes. SapBase
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has also mapped 79,862,416 interaction relations among
145,248 proteins and identified 89,025 synteny blocks
across all Sapindaceae species, covering 134,016 genes.
Additionally, 486 gene co-expression modules have been
identified through integrative analyses of these omics
data. Access to all these resources is facilitated through
SapBase's four primary function categories (Figure 1C),
that is, BROWSE for data and result browsing, SEARCH
for comprehensive and efficient information retrieval,
ANALYSES for various data processing, analysis and
visualization, and DOWNLOAD for data deposit and
download. With SapBase, users are empowered to conduct
bio-sequence analyses, explore gene expression atlases,
and engage in comparative genomic studies.

Bio-sequence analysis with SapBase

SapBase, as a multifunctional resource hub, provides users
with a variety of search strategies (Figure 1C). Initiating with
a mere gene identifier, users can easily learn its genomic
position, functional annotation, gene structure annotation,
domain architecture, and sequences (Figure 2A). It has in-
tegrated Basic Local Alignment Search Tool (BLAST), the
most commonly used sequence search engine, for the
quick nucleic acid or protein sequence comparison among
species of interest. Furthermore, SapBase introduces a
practical gene ID Convert function, enabling the alignment
of genes from Sapindaceae species with their potential
homologs in other well-studied plant species (Figure 2B),
including Arabidopsis, rice, and tomato. To extend the
search capacities of SapBase, we designed a sophisticated
“Meta-Search” module, which offers a “Google-like” search
function (Figure 2C), permitting users to conduct searches
within SapBase using a single text field. This feature
accepts various types of input, such as gene identifiers,
descriptions of gene functions, genomic intervals, or even
DNA/protein sequences. SapBase is designed to auto-
matically recognize the type of input, execute a compre-
hensive search, and return the best matching results for the
search terms.

c BROWSE ANALYSIS

Dependency
Web Interface TBtools
HTML JBrowse
Sequence Server
css Primer Server2
AJAX Backend Service
: PHP
JavaScript
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Figure 1. Overview of SapBase

(A) Internal structure of SapBase. (B) Phylogenetics relationship of all currently available species in SapBase. (C) Four primary functional categories of

SapBase.
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Figure 2. Sequence analysis function modules in SapBase
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(A) A demo page of gene information description. (B) A sample outcome of the identifier conversion function within SapBase. (C) lllustration of the
“Meta-Search” function, which permits diverse input content in a singular text field component for database exploration.

Expression data exploration

The functionality of a gene is intimately linked to its ex-
pression pattern. SapBase offers a diverse array of interfaces
for the exploration of expression data (Figure 3). A notable
feature, the Spatiotemporal Expression visualization using

www.jipb.net

electronic Fluorescent Pictograph (eFP), has been designed
to enable intuitive visualization of gene expression in plants.
eFP profiles have been meticulously constructed for all seven
plants within the database (Figure 3A), allowing users to an-
alyze the spatiotemporal distribution of gene expression by
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Figure 3. Modules for exploring expression data in SapBase

(A) Cartoon heatmaps available on SapBase for yellowhorn, litchi, rambutan, longan, acer and soapberry. (B) A demo result for an inquiry of expression
profiles of multiple genes. (C) A demo result for an inquiry of expression profile of a single gene. (D) A demo result (violin plot) for an inquiry of comparative

analysis of global gene expression in SapBase.

merely inputting a gene identifier. Additionally, SapBase has
aggregated all publicly available RNA-seq datasets of Sa-
pindaceae plants, facilitating quick inspection of gene ex-
pression patterns across various experiments or under dif-
ferent conditions. When users input multiple gene identifiers,
a heatmap is generated to display the data (Figure 3B), while
the input of a single gene identifier results in a barplot
(Figure 3C). Moreover, users can also compare the global
expression patterns of multiple genes using violin plots
(Figure 3D). Furthermore, SapBase incorporates a gene
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co-expression function. This function leverages expression
profiles to construct comprehensive co-expression gene
networks, enabling users to easily identify genes that are co-
expressed and interconnected with a gene of interest simply
by entering its identifier.

Comparative genomics functions

SapBase is designed to be a comprehensive data hub for all
Sapindaceae species. As the genomic resources for more
species become available, SapBase enables users to engage

www.jipb.net
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in a wide array of comparative genomic analyses directly
within the platform. For instance, by providing a list of gene
identifiers, users can visualize and compare the location of
genes across different species (Figure 4A). In addition, a
synteny analysis module is available for rapid investigation
into the evolution and diversification of large syntenic gene
blocks (Figure 4B), which is invaluable for gene gain-or-loss
analysis. SapBase also offers a function for inferring homo-
logs, which allows users to efficiently identify the best ho-
mologous gene set for their genes of interest. This feature is
more robust than a simple sequence BLAST search and
could be used for gene clade contraction-or-expansion
analysis (Figure 4C). Moreover, to facilitate comparative
genomics analysis at the gene family level, SapBase
incorporates OrthoVenn2 (Xu et al., 2019) to provide an
interactive interface. This interface grants users access to
homologous groups with species-specific gene presence or
absence events (Figure 4D, E).

Extended modules

SapBase extends its functionality with a comprehensive suite
of integrative data analysis pipelines and tools, including
Gene Set Function Enrichment, Gene Pathway Analysis, and
Protein Interaction Network modules, and sRNA Target Pre-
diction and polymerase chain reaction Primer Design tools.
Furthermore, SapBase offers access for downloading a
wealth of Sapindaceae genomic data and resources, com-
prising raw sequencing data, complete genome sequences,
gene annotations, and expression profiles. For those needing
to obtain sequences for a large number of genes or specific
chromosome regions in bulk, the “Bulk Data Fetch” feature
efficiently facilitates this process. Moreover, SapBase in-
cludes a RESOURCE page, which is a well-curated compi-
lation of state-of-the-art software, relevant genomic data-
bases, and web servers, serving as a valuable resource for
researchers.

Case study: Characterization of a MYB transcription
factor related to anthocyanin metabolism

SapBase aims to establish a comprehensive one-stop ge-
nomic resource and analysis platform for Sapindaceae
plants. To showcase the excellent capacities of SapBase, we
delve into a case study focusing on the bioinformatic analysis
of a single gene in litchi.

The distinct radiant red skin of litchi is one of its important
economic traits (Ghosh, 2000). The red color of the skin is
mainly attributed to its anthocyanin content (Rivera-Lopez
et al., 1999). The MYB family of transcription factors has been
reported to play a crucial role in anthocyanin synthesis. In our
previous study on the litchi genome, we identified a MYB
gene, LITCHI008189, which is potentially involved in antho-
cyanin synthesis (Allan et al., 2008; Xu et al., 2015).

Utilizing SapBase, we start by querying the gene identifier,
LITCHIO08189, revealing its chromosome location to be
2115398 to 2119483 on Chr7 (Figure 5A). It is annotated as
“MYB113,” a gene previously identified to directly regulate
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anthocyanin synthesis in Arabidopsis thaliana (Gonzalez
et al., 2008). The genome browser module reveals that the
gene has three exons with moderate lengths of both 5”and 3’
untranslated regions, indicating a comprehensive annotation
of this gene (Figure 5A), which is further corroborated by
RNA-seq data (Figure 5F). The presence of two Myb_DNA_-
binding domains confirms it as an R2R3-MYB gene
(Figure 5B), a common yet crucial MYB type in plants known
for regulating anthocyanin synthesis (Stracke et al.,
2007; Naing and Kim, 2018).

Next, a pivotal question would be the expression profile
(i.e., where and extent) of LITCHI008189. Through SapBase,
spatiotemporal gene expression can be visually plotted as
heatmaps (i.e., eFP Graph). Notably, LITCHI008189 is pref-
erentially expressed in mature litchi fruit skin (Figure 5C),
aligning with high anthocyanin content regions. Tran-
scriptome analysis of litchi skin at different developmental
stages (SRP047115) indicates a positive correlation between
LITCHIO08189 expression and color transition from green to
red (Figure 5D). The gene co-expression module in SapBase
further identifies genes related to LITCHIO08189, facilitating
in the unraveling of downstream gene regulation pathways.

Additionally, SapBase also supports evolutionary gene
analysis. Through the Evolution Path function, users can
compare syntenic gene blocks across related species. Within
this module, LITCHI008189 is found to reside within a MYB
gene cluster comprising four members (Figure 5E). Of note,
different species have varying member counts in this MYB
gene cluster across species. For example, rambutan and
litchi both have four MYB members, while longan has only
two, and yellowhorn has only one. Interestingly, the skin of
rambutan and litchi is red, while the skin of longan and yel-
lowhorn is yellow-white, hinting a potential link between gene
cluster composition and fruit skin color, which is worth further
exploration.

Further examination in the genome browser of SapBase
revealed intriguing details within this gene cluster (Figure 5F).
Specifically, LITCHIO08189 exhibits significant RNA-seq
read coverage within the pericarp transcriptome, while
LITCHIO08190 shows a significant RNA-seq read coverage
within the stamen transcriptome. It is generally believed that
the existence of the same gene family members in one
cluster is caused by tandem repeat events. This pattern
suggests that while members of the same family are grouped
together due to tandem duplication events, the different
expression patterns of LITCHI008189 and LITCHIO08190
imply their involvement in distinct biological processes,
despite their similar molecular functions. Thus, these
new findings provide rationales for designing experiments to
further validate the findings.

CONCLUSION

Through the aggregation of publicly available genomes
and omics data for seven Sapindaceae species, we have
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Figure 5. An illustrative analysis outcome of a MYB gene within SapBase

(A) The basic sequence information of LITCHI008189. (B) The conserved domain annotation of LITCHI008189. (C) A cartoon heatmap of LITCHI008189
with red symbolizing high expression levels and blue signifying lower expression levels. (D) Expression profiles of LITCHI008189 across different RNA-seq
experiments and its co-expression network. (E) The evolutionary conserved block encompassing LITCHI008189 leading to the identification of a MYB
cluster. (F) A genome browser snapshot of LITCHI008189.
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A comparative genomics platform for Sapindaceae species

established SapBase, a comprehensive one-stop resource
and analysis platform for the Sapindaceae family. The data-
base ensures convenient and effective access to a wide array
of genomic resources, facilitating daily endeavors of re-
searchers in the field. Envisioned as a dynamic, long-term
project, SapBase is committed to ongoing maintenance and
updates, solidifying its role as a pivotal data hub and analytic
platform for the research community focused on Sapinda-
ceae or related fields.

DATABASE IMPLEMENTATION

Genomic resource collection

We downloaded reference genome sequences and asso-
ciated annotation information for each Sapindaceae species
following links in previous studies (Lin et al., 2017; Liang
et al,, 2019; Yang et al., 2019; Zhang et al., 2021; Hu et al.,
2022; Xue et al., 2022). TBtools software (Chen, Wu, et al.,
2023) was employed to extract CDS, protein sequences and
promoter sequences. sRNA annotation information was di-
rectly synchronized from the sRNAanno database, which was
previously established by us (Chen et al., 2021). All con-
served domains in protein sequences were predicted using a
stand-alone pfam_scan pipeline (Mistry et al., 2021).

Acquire and analyze RNA-seq, sRNA-seq and
resequencing data

We downloaded and aggregated the raw resequencing data,
RNA-seq data and sRNA-seq data of Sapindaceae species
from the Sequence Read Archive and sRNAanno databases
(Chen et al., 2021) by implementing a robust workflow for data
processing. This included mapping all reads to Sapindaceae
reference genomes using Burrows-Wheeler Aligner (Li and
Durbin, 2009), and sorting the mapped reads according to
genomic coordinates using Samtools (Li and Handsaker,
Wysoker, et al., 2009). Reads from different lllumina lanes were
merged using “samtools merge.” Subsequently, duplicates
were removed with Picard (https://github.com/broadinstitute/
picard), and call of individual-specific gvcf was performed with
Genome Analysis Toolkit (GATK) (Poplin et al., 2017). Finally,
joint calling of single nucleotide polymorphisms (SNPs) was
performed with GenotypeGVCFs. Following the quality control
of SNPs with bcftools (Danecek et al., 2021), the SNPs un-
derwent stringent filtering using GATK VariantFiltration with the
following settings: DP < 300 || DP > 3000 || QD <2.0||FS > 60.0||
MQ < 40.0 || MQRankSum < —12.5 || ReadPosRankSum < —8.0,
finally obtaining high-quality SNPs in Variant Call Format (VCF)
files. For RNA-seq data, following initial quality control with
FastQC (Andrews, 2010) and adapter removal by Fastp (Chen,
2023), all reads were mapped to the corresponding reference
genome using Spliced Transcripts Alignment to a Reference
(STAR) (Dobin et al., 2013). Finally, the expression level of tran-
scripts was normalized to transcripts per million by StringTie
(Pertea et al., 2015). For sRNA-seq data, we used sRNAminer (Li
et al., 2023) to remove adapters. Clean reads of at least 15 nt in
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length were retained for further analysis. Potential small RNA and
phased secondary (PHAS) loci were then identified using
sRNAminer with default parameters.

Synteny analysis, co-expression analysis and protein
interaction prediction

We employed MCScanX for synteny analysis across
Sapindaceae species, and the results were further optimized
using an in-house script (Wang et al., 2012). For each
experimental dataset comprising at least eight samples,
co-expressed gene modules were identified using the weight
gene co-expression network analysis (WGCNA) method
(Langfelder and Horvath, 2008). Based on a reciprocal
BLAST approach, we established precise gene mapping re-
lationships for Sapindaceae species and a range of ex-
tensively studied plants. Leveraging these mapping relation-
ships between Sapindaceae plants and A. thaliana, we
transferred all A. thaliana protein interaction information
downloaded from the String database (Szklarczyk et al.,
2023) to each Sapinaceae plant.

Overall function implementation

SapBase uses Nginx as the back-end support, with MySQL
serving as the robust storage solution. The platform's front-end
graphics interface is crafted using programming languages
such as PHP, HTML, and JavaScript. The overall framework of
the website was constructed using the common JavaScript
library, bootstrap.js. To ensure an optimal BLAST search ex-
perience, we have integrated SequenceServer (Priyam et al.,
2019) in our platform. PrimerServer2 (https://github.com/billzt/
PrimerServer2) is incorporated as a Primer Design module.
The rest of the analysis and visualization modules in SapBase
(such as cartoon heatmap, synteny block visualization, gene
set enrichment analyses and sRNA targeting analyses, etc.)
were implemented using the TBtools software developed by us
(Chen et al., 2023).
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