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Abstract

Perennial woody plants hold vital ecological significance, distinguished by their unique traits. While significant progress has been made in their
genomic and functional studies, a major challenge persists: the absence of a comprehensive reference platform for collection, integration and in-
depth analysis of the vast amount of data. Here, we present PPGR (Resource for Perennial Plant Genomes and Regulation; https://ngdc.cncb.ac.
cn/ppgr/) to address this critical gap, by collecting, integrating, analyzing and visualizing genomic, gene regulation and functional data of perennial
plants. PPGR currently includes 60 species, 847 million protein—protein/TF (transcription factor)-target interactions, 9016 transcriptome samples
under various environmental conditions and genetic backgrounds. Noteworthy is the focus on genes that regulate wood production, seasonal
dormancy, terpene biosynthesis and leaf senescence representing a wealth of information derived from experimental data, literature mining,
public databases and genomic predictions. Furthermore, PPGR incorporates a range of multi-omics search and analysis tools to facilitate browsing
and application of these extensive datasets. PPGR represents a comprehensive and high-quality resource for perennial plants, substantiated by
an illustrative case study that demonstrates its capacity in unraveling gene functions and shedding light on potential regulatory processes.
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Introduction

Perennial woody plants belong to an ecologically significant
plant group with great value as a source of essential oils,
clade-specific secondary products, wood biomass and benefits
to ecosystems, industry and medicine (1-3). Perennial woody
plants have developed strategies to regulate their growth and
dormancy cycles, allowing them to survive harsh winters or
dry seasons. This resilience makes them more resistant to en-
vironmental stresses compared to annual plants (4). Genomic
sequence data provided evidence suggesting that the regu-
latory mechanisms in perennial woody plants are extremely
complicated and involve distinct regulation processes that are
not similar to those in annual plants (5-7). These distinct reg-
ulation processes could be deciphered by the reconstruction
of the regulatory network (protein—protein/TF-target inter-
actions). Over the past decade, genomic and functional stud-
ies have produced massive amount of data of perennial woody
plants (8,9), deposited in public databases and documents. For
instance, the Populus trichocarpa ‘Nisquallly-1" genome was
released in 2006, which was the first woody perennial genome
to be assembled and annotated (10). Nevertheless, the inte-
gration of its experimental findings from ChIP-seq, DAP-seq,
Yeast one-hybrid and Dual luciferase reporter assays has re-
mained unrealized.

Several databases like Phytozome (11), Plantgenie (12),
EnsemblPlants (13), treegenesdb (14) and TRANSNAP (15)
gather genomic and transcriptomic data, and others focus on
gene function and regulation, such as LSD (16), MetaCyc (17),
IntAct (18), STRING (19), GEDP (4) and ChIP-Hub (20).
These, however, only cover a small portion of perennial woody
plants and overlook the unique biological processes that can-
not be addressed in annual plants. These datasets frequently
differ in formats and features, complicating the integration
and comparison of data from different research groups. Con-
sequently, this situation hinders the thorough understanding
of perennial woody plants and in-depth exploration and com-
parison with other plant species.

Here, we describe PPGR (Resource for Perennial Plant
Genomes and Regulation), the first database focusing on the
genomes and regulatory network in hierarchical regulatory
processes of perennial woody plants. PPGR integrates ge-
nomic data of 60 species, 847 million gene associations includ-
ing co-expressed associations, protein—protein interactions
(PPI) and transcription factor-targets interactions (TTI), 9016
independent transcriptomic datasets, 107 344 TFs, 10 263
nucleotide binding leucine-rich repeat receptor (NLR) genes,
53 829 horizontal transfer genes and 87 372 candidate genes
involved in perennial woody plants characteristic pathways
such as wood formation, seasonal dormancy, terpene biosyn-
thesis and leaf senescence. By providing a centralized database
and tools, PPGR facilitates research and promotes collabora-
tion with extended benefits.

Construction

Organization of features

PPGR includes six main modules: Genomes, Network, Re-
sources, Pathways, Tools and Document, each with distinct
functionalities and advantages. ‘Quick Search’ and ‘Regula-
tion Search’ tool for gene function and regulation networks
are featured on the homepage. One helpful feature is the dy-
namic data overview page which allows users to browse the
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current data types and numbers in PPGR. The ‘Genomes’
module allows users to easily view and analyze genomic data.
The ‘Network’ module allows users to access to all pre-
computed information both at high-level network view and
at the individual gene association record (PPL, TTI and co-
expressed). The ‘Resources” module is organized into horizon-
tal transfer genes, NLR genes, TFs and transcriptome section,
which are essential for studying perennial plants evolution.
The ‘Pathways’ module is organized into wood formation,
seasonal dormancy, terpene biosynthesis and leaf senescence
section. The “Tools” module provides eight useful online anal-
ysis tools to analyze the regulatory mechanisms of candidate
genes potential. The ‘Document’ module provides detailed in-
structions and guidelines on how to use the database effec-
tively. It includes brief introduction of PPGR database, along
with information on the different sections including Search,
Genomes, Network, Resources and Pathway of the database.
Below, we describe the currently available data and interfaces.

For a comprehensive understanding of the adaptation and
evolution of perennial woody plants, we first collected and
combined genomic, transcriptomic and experimental func-
tional data from public documents and databases. Genome
assembly completeness was evaluated and detailed sequenc-
ing information was manually curated. Co-expression analy-
ses were performed by calculating Pearson correlation coef-
ficient between gene pairs, using their gene expression levels.
Second, the key regulators and genes controlling specific bi-
ological processes were mined by processing and analyzing
these datasets. Third, the gene regulatory network was con-
structed based on multifaceted approaches. In addition, users
are also provided with several practical and powerful tools
that contribute to the deep mining of gene function. Finally,
PPGR, a comprehensive and high-quality resource for peren-
nial woody plants, was constructed (Figure 1).

Genomes

Currently, this module contains whole genome assemblies and
annotations from 60 species, many of which are model species
that have been extensively studied. For example, the genome
assembly of black cottonwood Populus trichocarpa is avail-
able in PPGR, which serves as the reference genome for the
Populus genus. The species page in the Genomes module pro-
vides users with a comprehensive summary of each species, a
list of genes and even JBrowse (21) for genome visualization.
This module allows users to view each genome summary, in-
cluding common name, lineage, reference assembly version,
assembly completeness, genome size, transcript number, gene
number, gene position and related references. Users can freely
view the adjacent genome areas in the same genome track by
dragging or zooming in or out. Additionally, users can search
the interested genomic regions by using the gene ID, products
or genomic positions.

We reannotated a total of 2.36 million protein-coding genes
across all genomes. These annotations included 1.34 mil-
lion functional elements, such as InterPro domains (22) and
Pfam domains (23). At the gene level, the annotations encom-
pass essential information such as protein product, sequence
structure, domains, regulatory interactions, expression pro-
files, cross-references to multiple databases, Gene ontology
(GO) annotation (24,25) and ortholog groups. These com-
prehensive annotations aid users in understanding a gene’s
function, characteristics and potential implications in various
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Figure 1. Overview of the PPGR database. (A) The ‘Pathways’ module is organized into wood formation, seasonal dormancy, terpene biosynthesis and
leaf senescence sections. (B) Genomic resources included 60 species, and 2.36 million protein coding genes. (C) The '‘Resources’ module is organized
into horizontal transfer genes, NLR genes, transcription factors and transcriptome sections. (D) Summary of the network construction methods. The
network includes PPI, TTI and co-expressed subnetwork. (E) The approaches used in the network construction. (F) Display of web tools. NLR: nucleotide
binding leucine-rich repeat receptor. PPI: protein—protein interaction. TTIl: TF-targets interaction.

treatments or conditions. Additionally, we developed a gene
search function that allows users to browse and compare gene
structures, transcriptional profiles and regulatory networks.
This module helps determining whether homologous genes
have undergone functional differentiation.

Network

The sophisticated processes of perennial woody plants rely on
complex gene regulation networks, which are carefully orga-
nized in space and time. This network consists of various sub-
networks, including PPI, TTI and co-expressed associations
that are seemingly unique but closely related. To fully under-
stand gene function, PPGR database provides a comprehen-
sive collection of quality-controlled PPI, TTI and co-expressed
associations (Figure 2). Currently, the database contains 847
million pre-computed functional associations, which are con-
structed using multifaceted approaches.

The collection of regulatory gene associations in PPGR was
obtained through several methods: (i) We mined transcrip-
tional regulatory associations from literature and manually

curated each association, resulting in 3956 high-confidence
PPI and 22 763 TTI based on 205 public datasets, (ii) We in-
tegrated 25 691 877 PPI and 326 431 826 TTI with exper-
imental evidence imported from primary database reposito-
ries such as IntAct (18), Complex Portal (26), BioGRID (27),
TAIR (28) and MINT (29), (iii) We integrated high-score as-
sociation evidence from databases like STRING (19), KEGG
(30) and Meta-Cyc (17), which identified 449 576 854 as-
sociations, (vi) We performed co-occurrence analysis across
scientific literature, identifying 11 931 082 associations, (v)
We identified 35 859 247 associations based on co-expression
evidence from pre-computed transcriptome data and (vi) We
predicted 681 489 701 TTl in silico through searching for po-
tential binding sites of TFs.

The module provides user-friendly interfaces for searching
and browsing gene regulatory data (PPI, TTI and co-expressed
associations), as well as inspecting their underlying evidence.
Users can query for genes of interest or a set of genes using
different identifier name spaces. The resulting network can
be interactively inspected, rearranged and filtered with vari-
able stringency. Detailed information for each node in the net-
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work, including annotation, gene structure, expression pro-
files, PANTHER (31), MobiDBLite (32) and Pfam (33) func-
tional domains, can be viewed in a pop-up window by clicking
on the node. Each edge in the network represents a known or
predicted interaction, and additional details about the under-
lying evidence are provided.

Resources

Horizontal transfer genes

Horizontal gene transfer (HGT) refers to the movement of
new genes between distinct species and has long been con-
sidered as a crucial process in plants evolution (34,35). PPGR
performed systematic analyses for the acquired genes derived
from any foreign source in all perennial plant species. A sum-
mary of the horizontally acquired genes, including the donor,
gene ID and the top hit, is provided. PPGR identified a total
of 53 829 quality-controlled acquired genes transferred from
foreign sources to perennial plants. Users can easily access
detailed descriptions that include information on gene struc-
ture, domains, regulatory networks, annotations, orthologous
groups and expression profiles. This resource can assist users
in identifying new trait-associated genes and specific regula-
tory pathways across perennial plants.

Disease resistance (NLR) genes

Plants have evolved various defense mechanisms to protect
themselves from microbial pathogens in their natural habitats.
One important way plants defend against disease is through
a cell-based surveillance system involving immune receptors
called Nucleotide-binding domain and Leucine-rich repeat re-
ceptor genes (NLRs). NLRs play crucial role in detecting and
responding to pathogen invasion (36). PPGR has identified
10 263 high-confidence NLR genes in perennial plants. PPGR
offers a summary of NLR genes that includes the source, clas-
sification, gene ID and description. PPGR provides plant re-
searchers and breeders with valuable information on NLR
genes. This includes detailed descriptions of their functional
domains, gene structures, orthologous groups and regulatory
networks. By equipping them with this information, PPGR
enhances their knowledge and strategies in combating plant
pathogens, allowing them to develop a consensus plan.

Transcription factors

Currently, PPGR has identified 107 344 TFs from 60 species
using a strict criterion and made extensive annotation at both
family and gene levels. PPGR provides free online access to
both the sequences and annotation information for each iden-
tified TE. Additionally, PPGR performed phylogenetic analysis
for each TF family, which can help in identifying the common
ancestors, determining the sequence conservation and infer-
ring functional similarities or differences among TF members.

Transcriptome

To investigate gene function and expression, we collected
9016 RNA-seq data from 430 transcriptome studies con-
ducted under various treatments or genetic backgrounds.
We then reanalyzed the raw data using a quality control
method (see Supplementary data sources and methods). The
descriptions of the data type, genotype, tissues and samples
were manually curated and combined. This combined infor-
mation is displayed in the Transcriptome module, provid-
ing users with valuable insights into the function and ex-
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pression features of the genes of interest. Additionally, we
have developed and integrated visualization tools to assist
users in gene mining and understanding their regulatory
mechanisms.

Pathways

Several regulation pathways in woody plants are very com-
plex and involve distinct physiological and anatomic pro-
cesses, such as perennial secondary growth (37), long life-span
(38) and cambium dormancy (39). PPGR represents an ongo-
ing effort to provide insights into the evolution and resources
for advancing research on perennial woody plants adaptation
and development. Wood formation genes are involved in the
synthesis of cell wall components, such as lignin and cellu-
lose, which give plants strength and structure. Seasonal dor-
mancy genes regulate plant’s response to changing environ-
mental conditions, allowing it to enter a dormant state during
unfavorable seasons. Terpene biosynthesis genes are respon-
sible for terpenes production, which are important for plant
defense and communication. Leaf senescence genes control
leaf aging and eventual death processes. The pathways cur-
rently include 87 372 key genes for controlling wood forma-
tion, seasonal dormancy, terpene biosynthesis and leaf senes-
cence across 60 species. The annotation of these genes was
done using domains, evolutionary analyses and manually cu-
rated experimental evidences, which help users identify their
functions and evolutionary relationships with genes in other
species. These data contribute to a better understanding of
specific processes of perennial woody plants and consequently
to precise manipulation of economic and horticultural traits,
such as wood formation and flowering time. Detailed annota-
tions and their functional associations were provided for each
key gene.

Tools

PPGR offers a suite of eight practical tools. Among these,
‘BLAST’ tool is used to search for homologous sequences (ei-
ther protein or nucleotide sequences) from the genome assem-
bly of PPGR or input sequences. The ‘GO enrichment’” and
‘KEGG enrichment’ tools are used to perform the functional
enrichment analyses using the R language clusterProfiler pack-
age (40). ‘Motif Prediction’ tool is employed to identify the
potential binding motifs for TFs, which helps to determine
of TFs likely involved in regulating the genes or genomic re-
gions of interest. The ‘Motif Enrichment’ tool identifies sta-
tistically significant motifs that are enriched in the input se-
quences. Both motif prediction and motif enrichment analyses
are important for understanding the regulatory mechanisms of
gene expression and identifying potential TFs involved in spe-
cific biological processes. ‘In silico PCR’ helps users confirm
the specificity of the designed primers. The ‘Sequence Fetch’
tool is designed to assist users in extracting specific nucleotide
sequences, such as promoters from genome sequence. By pro-
viding the desired positions, users can easily retrieve the corre-
sponding sequence. Specifically, ‘Search Interaction and Regu-
lation’ tool could help users to search candidate interactions.
Users can retrieve information about its interacting partners
by inputting the name or identifier of a specific gene. This
can be particularly useful in understanding the regulatory net-
works and pathways in which the candidate gene is involved.
‘Search Interaction and Regulation’ tool provides a compre-
hensive overview of the gene’s interactions, allowing users to
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Figure 3. Case study of identifying MYB genes associated with wood formation. (A) Searching the gene list of the MYB TFs. (B) The transcription
analyses of the MYB TFs. (C) The annotation of the candidate MYB genes. (D) The regulatory network analyses of PopMYB4. (E) The function prediction

of PopMYBA4.
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explore potential functional relationships and identify biolog-
ical processes key players. By leveraging these online analyti-
cal tools, users can flexibly reanalyze the public datasets and
obtain new insights.

Case study: mining genes associated with wood
formation

Wood formation represents a crucial biological process in
perennial woody plants (41). To characterize MYB members
that are involved in regulating wood formation, we performed
a series of extensive analyses using PPGR. Leveraging the
‘Transcript Factor’ module, we first identified 386 MYB fam-
ily members in Populus alba x Populus glandulosa ‘84K’ (Fig-
ure 3A). The thirteen members exhibiting high expression lev-
els in xylem tissues were selected for further analysis (Figure
3B). Significant upregulation specifically in xylem tissue sug-
gests their potential involvement in wood formation. With the
aid of the global search tool provided by PPGR, six genes
that may function in the wood formation process were iden-
tified (Figure 3C). Then PopMYB4 (Pop_A04G070781) was
further selected for subsequent analyses. Subsequent func-
tional assessment of PopMYB4 was facilitated by the ‘Net-
work’ module (Figure 3D). Seventeen interaction proteins
were detected, with half being annotated as transcriptional
corepressors, suggesting their negative regulatory roles. These
insights propose that PopMYB4 may play a negative regula-
tory role in growth. Furthermore, 25 NLR genes were iden-
tified to be the targets of PopMYB4, suggesting PopMYB4
was highly associated with disease resistance. This is consis-
tent with previous studies that have reported PopMYB4 abil-
ity to negatively regulate lignin synthesis and enhance disease
resistance in plants (42,43). Notably, our recent experimen-
tal investigations also revealed inhibited growth and lignin
synthesis in overexpressing PopMYB4 transgenic poplars
(Figure 3E).

Discussion and perspectives

PPGR offers a wide range of multi-omics data, including
genome sequences, annotations and expression profiles. It also
provides collections of PPI, TTT and co-expressed associations
for various perennial woody plants. Additionally, PPGR pro-
vides online analysis and visualization tools to assist users in
exploring the data and gaining insights into gene expression
regulation and phenotypic formation. Overall, PPGR is a valu-
able resource for studying gene function and understanding
biological processes.

PPGR has the following characteristics: (i) it integrates and
optimizes the data resources of perennial woody plants. This
suggests that PPGR brings together various data resources
and functions related to perennial woody plants, potentially
making it a valuable resource for researchers in this field,
(i1) PPGR has a vast collection of multi-omics datasets, in-
cluding 60 published genome assemblies, transcriptome sam-
ples, gene associations and key genes associated with the
adaptation and evolution of perennial woody plants. It is
beneficial for researchers studying perennial woody plants
and (iii) PPGR offers a range of common online analy-
sis tools. These tools are designed to support all published
genomes and provide a convenient and efficient analysis
platform.
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In summary, we provide a valuable database for future
functional genomics research on perennial plants. In the
future, with the release of more multi-omics datasets, the
database will be annually updated. Advanced multi-omics
methods, such as the multilayered hierarchical gene regula-
tory network construction tool, will be integrated and ap-
plied. We aim to enhance our understanding of the genetic
basis of perennial plant-specific traits and improve the iden-
tification of candidate loci and genes associated with these
traits.

Data availability

PPGR is freely available online at https://ngdc.cncb.ac.cn/
ppgr/. Users can directly download the data resources with-
out registration or login.
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