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ABSTRACT

PLAZA is a platform for comparative, evolutionary,
and functional plant genomics. It makes a broad
set of genomes, data types and analysis tools avail-
able to researchers through a user-friendly website,
an API, and bulk downloads. In this latest release
of the PLAZA platform, we are integrating a record
number of 134 high-quality plant genomes, split up
over two instances: PLAZA Dicots 5.0 and PLAZA
Monocots 5.0. This number of genomes corresponds
with a massive expansion in the number of available
species when compared to PLAZA 4.0, which offered
access to 71 species, a 89% overall increase. The
PLAZA 5.0 release contains information for 5 882
730 genes, and offers pre-computed gene families
and phylogenetic trees for 5 274 684 protein-coding
genes. This latest release also comes with a set of
new and updated features: a new BED import func-
tionality for the workbench, improved interactive vi-
sualizations for functional enrichments and genome-
wide mapping of gene sets, and a fully redesigned
and extended API. Taken together, this new version
offers extended support for plant biologists working
on different families within the green plant lineage
and provides an efficient and versatile toolbox for
plant genomics. All PLAZA releases are accessible
from the portal website: https://bioinformatics.psb.
ugent.be/plazal/.

INTRODUCTION

Since the initial release of the platform in 2009 (1), PLAZA
has integrated genome annotations from a large variety of
international data providers. The slow gradual increase in

the number of available high-quality plant genomes, as ex-
emplified by comparing the number of species in PLAZA
1.0 (9 species) (1) to PLAZA 2.5 (25 species) (2), has now
grown into a veritable avalanche of new plant genomes (3).
This acceleration can largely be attributed to the application
of long-read sequencing and better scaffolding methods (4).
The challenges posed by the associated increase in data vol-
ume are addressed in different ways by data integration plat-
forms (5-7). The use of efficient and scalable workflows to
perform comparative sequence analysis is required, as well
as highly performant interactive visualizations to efficiently
explore different data types (e.g. phylogenetic trees, gene co-
linearity between two or more genomes, complex gene or-
thology) for all or a selection of species (8).

The PLAZA platform offers an extensive online tool-
box for plant and computational scientists to perform gene-
based data analysis, explore and extract sequence and func-
tional information, and generate evolutionary insights for
the plant genomes integrated in the available PLAZA in-
stances. To better understand the large phenotypic diversity
encoded by different plant genomes, many different types of
data are used: structural and functional annotations, gene
families grouping homologous genes, phylogenetic trees as-
sisting in the identification of orthologs and paralogs, and
detailed information about genome organization (e.g. local
gene colinearity or whole-genome synteny). Access to se-
quenced genomes for species of different plant families of-
fers information about genes or pathways responsible for
specific traits in cereals (9), fruit crops (10), legumes (11),
trees (12), ornamental crops (13) or parasitic plants (14).
Furthermore, comparative gene and genome analysis re-
veals how small- and large-scale gene duplications, as well
as gene loss and transposons, are driving plant genome evo-
lution and adaptation (15,16). Finally, genome sequenc-
ing and comparative analysis of basal or early-diverging
plants provide new insights into the emergence and evo-
lution of signaling pathways controlling the responses to
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diverse environmental conditions and the development of
specific plant organs or cell types (17).

We initially designed the PLAZA platform to make com-
parative and functional genomics data analyses in plants
possible through a user-friendly web interface, but over time
the PLAZA platform also grew to serve as a data warehouse
containing high-quality, curated genome and functional an-
notations, as well as gene family and gene orthology infor-
mation. Besides bulk downloads, PLAZA also provides ac-
cess to multiple data types through a RESTful Application
Programming Interface (API), resulting in enhanced com-
patibility with workflow systems. Next to organizing (vir-
tual) international workshops and training sessions, we pro-
vide extensive documentation and tutorials, elaborating on
the data content, tools and third-party software that is used
in the PLAZA build procedure.

Here, we present PLAZA 5.0 (available at https://
bioinformatics.psb.ugent.be/plaza), the most recent itera-
tion of the PLAZA platform for comparative, evolutionary,
and functional genomics. This new release offers a two-fold
increase in the number of available plant species, together
with a better sampling of basal plants that serve as out-
groups to the angiosperms. As in the previous two releases
of the PLAZA platform, we created two instances, focus-
ing either on monocotyledonous or dicotyledonous plants.
The continuous development of PLAZA, with a strong fo-
cus on enhancing the user experience through easy to use
yet powerful analysis tools and visualizations, allows for ef-
ficient exploration of new genomes and data types, enabling
researchers to utilize ever increasing volumes of data.

SPECIES AND DATA CURATION
Species selection

We performed an extensive evaluation of publicly available
plant genomes in order to determine which ones to include
in the new PLAZA 5.0 instances. The inclusion of organ-
isms for which the annotation exhibits insufficient quality,
e.g. due to unassembled genome sequences or incomplete
gene prediction, may lead to downstream errors such as the
erroneous inference of presence/absence variation in gene
families or incorrect collinearity detection (18).

For PLAZA 5.0 we used plaBiPD (https://www.plabipd.
de) as the main resource to start the species selection. We
extracted assembly statistics, such as genome size and N50
value, from over 400 published plant genomes. We used this
information, which we deemed a proxy for genome com-
pleteness and contiguity, as a primary filter. Additional se-
lection criteria were whether a species is an important model
species (e.g. Arabidopsis thaliana, Oryza sativa), whether the
species is of a high economic value (e.g. wheat), and whether
the species has an evolutionary important place within the
tree of life (e.g. outgroup species or species being the first
representative of a specific plant clade). As a final criterion,
we tried to cover as many plant families as possible, enhanc-
ing the power of evolutionary analyses as much as possible.

We selected a total of 134 species to be integrated in
PLAZA 5.0 (see Supplementary Table S1), spread over two
different instances: PLAZA Monocots 5.0 (53 species) and
PLAZA Dicots 5.0 (100 species). This is a significant in-
crease compared to their counterparts in PLAZA 4.0 (19),
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with 29 and 55 species, respectively. This near doubling
in number of high-quality genomes is a clear indication
of the application of next-generation long-read sequenc-
ing and improved scaffolding methods to characterize plant
genomes (20).

A small group of reference species was selected to be
present in both PLAZA 5.0 instances, in order to facil-
itate comparative and evolutionary genomics: five model
species within the Dicot clade (Arabidopsis thaliana, Glycine
max, Populus trichocarpa, Solanum lycopersicum, and Vitis
vinifera), three species within the Monocot clade (O. sativa,
Zea mays and Vanilla planifolia), one species each for the
magnoliids and Ceratophyllales (Magnolia biondii and Cer-
atophyllum demersum), and a group of 10 basal plant species
that act as outgroup to both the Dicots and Monocots (Am-
borella trichopoda, Sequoiadendron giganteum, Selaginella
moellendorffii, Anthoceros agrestis, Marchantia polymor-
pha, Physcomitrium patens, Chara braunii, Prasinoderma
coloniale, Chlamydomonas reinhardtii and Micromonas com-
moda). The reference species were selected based on their
status as model species, as well as phylogenetic coverage
(e.g. Vanilla planifolia was selected as non-Poales represen-
tative).

The overview of the taxonomic orders and families now
included in PLAZA 5.0 (41 orders and 66 families) shows
that the resolution of plant diversity has increased markedly
compared to PLAZA 4.0 (see Figure 1). Almost all orders
are covered by one or two families and a handful of species,
with the one major exception being the Poales (2 families
and 28 species). Because the Poales order contains numer-
ous cereal crops cultivated around the world for food, fod-
der or industrial purposes, it comes as no surprise to find the
most economically important species in this order. As such,
the Poales order is highly overrepresented when it comes to
the number of species in the Monocots.

For both PLAZA instances, we also constructed the asso-
ciated species tree, which is a key entity within the platform
to group species based on their evolutionary relatedness,
and during the gene family tree reconciliation procedure, to
aid the identification of paralogous and orthologous genes.
A full description of the PLAZA build procedure is pro-
vided in Supplementary Method S1. We constructed the
species trees with information derived from NCBI taxon-
omy, coupled with additional information from a variety of
publications (see Supplementary Method S2).

Data content

The PLAZA framework supports four different gene types:
protein-coding genes, RNA genes, transposable elements,
and pseudogenes. Whereas protein-coding genes are always
annotated within genome annotation projects, the other
gene types are often not or only partially annotated. Dif-
ferences in the applied genome annotation approaches can
be seen by plotting all gene types per species (see Supple-
mentary Figure S1). However, as all comparative genomics
analyses in PLAZA are performed solely on protein-coding
genes, the (partial) absence of the other gene types for some
species does not affect PLAZA’s global functionality.

The functional genomics features of the PLAZA frame-
work accelerate research by providing the backbone for
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Figure 1. Species overview PLAZA 5.0. Overview of the species (yellow bars), taxonomic families (blue bars), and taxonomic orders (leaf nodes in the tree)
in PLAZA 5.0 offset against the same content types in PLAZA 4.0. Bars that are solely to the left of the center indicate that there is no increase in PLAZA
5.0, while bars that are solely to the right of the center indicate that this order was not previously present in PLAZA 4.0. Bars with content to both sides
of the center indicate that the order has been extended by the addition of new species and/or families in PLAZA 5.0.

a wide variety of analyses. Within each PLAZA instance,
the functional annotation of genes can be split into
ontology/classification-based annotations and free-text an-
notations. While free-text descriptions of genes can be ex-
tensive and very detailed, they are only available for a small
number of well-curated model plants (e.g. 4. thaliana, Z.
mays). Ontology- and classification-based annotations al-
low for automated analysis procedures and can be auto-
matically generated for a large fraction of genes. The as-

sociated annotations in PLAZA are based on three dif-
ferent ontologies/classifications: the gene ontology (GO)
(21), InterPro (22), and MapMan (23). GO annotations do
not merely assign genes with a certain ontology term, but
an evidence code is also provided, indicating the source
and confidence in the annotation. We used InterProScan
(22) to identify conserved domains in protein-coding genes,
on which basis a select subset of GO annotations can be
deduced. In addition, we parsed GO annotations from
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Overview of the functional annotation data content in PLAZA 5.0. The MapMan annotations with MapMan term ‘35’ (‘Not assigned’), or its

hierarchical descendants, were excluded. The GO annotations with root-level GO terms (‘biological _process’, ‘cellular_component’, ‘molecular_function’)
were excluded. Primary GO sources are: the genome project data provider, the GOA project, and data from GeneOntology. Empirical GO evidence types
consist of experimental GO evidence types (EXP, IDA, IP1, IMP, IGI, IEP, HTP, HDA, HMP, HGI, HEP), and traceable/curated author statements (IC,

TAS)
PLAZA Dicots 5.0 PLAZA Monocots 5.0
Genes All gene types 4234 318 2254715
Protein coding genes 3667 693 2165730
Genes with InterPro annotations 2 808 722 (76.6%) 1636 297 (75.5%)
Genes with MapMan annotations 1 578 937 (43%) 888 280 (41%)

All data sources

Primary sources only
PLAZA GO projection
Empirical evidences only

Genes with GO annotations

2563 423 (69.9%)

2114 497 (57.6%)

1573 218 (42.9%)
76 230 (2%)

1515 180 (70%)

1242 612 (57.4%)

918 149 (42.4%)
65 860 (3%)

https://geneontology.org (21) and the Gene Ontology An-
notation (GOA) project (24) in order to integrate GO an-
notations with experimental evidence codes as well (16 328
genes from 13 plant species). One final important step in
the functional annotation part of the PLAZA build proce-
dure is the projection of GO annotations. Empirically vali-
dated GO annotations, identified through their associated
evidences codes (restricted to EXP, IDA, IPI, IMP, I1GI,
IEP, TAS, IC, HDA, HEP, HTP, HMP and HGI) are also
assigned to a selected set of orthologs (1,2).

Table 1 gives an overview of the ontology-based annota-
tions in PLAZA 5.0. The fractions of genes annotated with
the different ontologies is very similar between PLAZA Di-
cots 5.0 and Monocots 5.0: InterPro (77% and 76% resp.),
MapMan (43% and 41% resp.) and GO (70% in both in-
stances). Not all ontologies do provide the same level of
information, therefore the integration of InterPro, Map-
Man and GO annotations are complementarity to the func-
tional toolkit of PLAZA, as different plant biological pro-
cesses are captured.

NEW FEATURES
Import of genes in PLAZA workbench via BED files

The PLAZA workbench is an important feature of the plat-
form in which user-defined gene sets can be uploaded (called
experiments). For each experiment, which co-workers can
share between themselves via different types of access rights
(e.g. Read or Edit permission), an extensive toolbox and
various visualizations are available, as well as multiple ex-
port options. The workbench not only serves as a time-
saving function where the end-user does not need to visit
the pages of all genes of interest, but also offers differ-
ent types of analyses that are not available when study-
ing only a single gene. This includes functional analyses
(e.g. functional enrichment through GO, MapMan or In-
terPro), structural analyses (e.g. viewing the genome-wide
organization of a gene set), and data transformations (e.g.
the translation of a gene set from one species to another
species using PLAZA’s integrative orthology (25)). In pre-
vious PLAZA versions users could upload their gene sets
through a list of (internal or external) gene identifiers or
based on a sequence similarity search in which case the
best-hit, from all or a selected species, was used to select
a gene for each provided sequence. In PLAZA 5.0, we fur-
ther extend the functionality of the workbench by also al-

lowing users to load their genes by providing Browser Ex-
tensible Data (BED) files. BED files represent genomic lo-
cations for specific features, such as transcription factor
(TF) — DNA interactions (ChIP-Seq), transcription start
sites (CAGE), histone modifications or DNA methylation,
or accessible chromatin (DNase/ATAC-Seq). By automat-
ically mapping the regions in the BED file to the closest
gene(s), with optional distance cutoffs applied by the end-
user (see Figure 2A), PLAZA can now also function as part
of workflows studying genomic regions derived from high-
throughput sequencing experiments. As illustrated in Fig-
ure 2B, this new BED import function allows for the ef-
ficient functional exploration of, for example, TF binding
data obtained through ChIP-Seq (26), generating insights
in the biological processes controlled by specific regulators.

Improved interactive visualization of functional enrichments

One of the key analyses performed when interpreting sets
of genes that are expected to be co-regulated (e.g. differ-
entially expressed genes), is whether certain functional an-
notations are statistically overrepresented within that gene
set. The standard way to test this hypothesis is by apply-
ing an overrepresentation (or enrichment) analysis (27).
In PLAZA 5.0, the workbench was extended to allow the
enrichment procedure to be applied to not only the GO,
but also InterPro and MapMan annotations. The pro-
cedure results in three different numeric values per en-
riched ontology term, which are key to correctly interpret-
ing the result: the enrichment score representing the over-
representation, the Bonferonni corrected P-value indicat-
ing the statistical significance, and the percent of genes
annotated with that ontology term within the gene set.
This last value, while often overlooked, is important in or-
der not to over-interpret results when an enriched ontol-
ogy term is associated with a very small number of genes
in the dataset yet has a high enrichment score and low
P-value.

The structure of GO can be described in terms of a graph,
where each GO term is a node and the relationships between
the terms are edges between the nodes. GO enrichment re-
sults can be redundant and complex to interpret due the
wealth of parental GO terms, typically representing more
general functional annotations. In order to allow the user
to efficiently interpret GO enrichment results and focus on
the most informative results, the resulting graph visualiza-
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Figure 2. BED import and improved functional enrichment visualization. (A) After selecting the target species and gene types to be included (Zea mays
B73, NAM v5.0), and uploading an example BED file (maize GLK2 ChIP-Seq (26)), each region is associated to the closest gene. Next, an interactive
peak-to-gene distance distribution for all peaks and their associated closest genes is shown. A distance cutoff can be applied to retain all genes, or only
regions overlapping with the gene body, or within a predefined distance to the closest gene. Applying a 2 kb cutoff retained 3758 genes in this workbench
experiment. (B) Overview of a GO enrichment analysis for maize GLK2 ChIP-Seq target genes. Through the Graph visualization, the Filtered view discards
parental GO terms and reports the most specific GO terms showing significant enrichment. While node size is proportional to the P-value of the enriched
term, the node color is determined by the enrichment fold of the ontology term, with the color scale varying between green and purple (high and low
values, depicting over-representation and depletion, respectively). The node outer band is determined by the percentage of genes that are annotated with
the enriched ontology term (e.g. the selected node GO:0015979 reports that 2.50% of the genes in this workbench experiment are annotated with the
enriched GO Biological Process term photosynthesis).



tion of enriched GO terms has been significantly updated
and made interactive (see Figure 2B). This redesigned graph
display now conveys a broad variety of information, while
still being able to be interpreted quickly: the node size is
scaled by the P-value, the node color is determined by the
enrichment score, and the node outer band represents the
percentage of genes annotated with the enriched ontology
term. Furthermore, different filtering options are available
to select enriched GO terms from a specific aspect (molec-
ular function, biological process, and cellular component)
and focus on either over-represented or depleted GO terms.
A similar graph display is also available to explore MapMan
enrichment results.

Genome-wide visualization of gene sets

While genomic clustering of genes belonging to the same
biological pathway is commonly found in prokaryotes (28),
such transcriptional operons are not present in most eu-
karyotes. Yet, clustering of functionally related genes has
been described in eukaryotic genomes (29). Therefore, a
common research question is whether there is a chromo-
somal locational bias for a set of functionally related genes.
While PLAZA already identifies functional clusters, report-
ing statistically significant clusters of neighboring genes
based on the similarity of functional annotations, it was
not possible to browse and explore the organization of spe-
cific (functional) gene sets. In order to address this limita-
tion, the latest release of the PLAZA platform now inte-
grates Ideogram (https://eweitz.github.io/ideogram), which
supports drawing and animating genome-wide datasets and
offers the exploration of functional annotations, either GO,
InterPro or MapMan, as well as gene sets from the Work-
bench (see Supplementary Figure S2).

PLAZA REST API v3

Users could originally access the PLAZA platform either
through the website, or through the data dumps on the FTP.
In PLAZA 4.0, we introduced the PLAZA REST API, giv-
ing end-users more flexibility and options with regards to
data retrieval. This PLAZA API (version 2) however had
some shortcomings in functionality, and inconsistencies in
the naming of the API function calls. We developed and de-
signed the API v3, but will continue to support API v2 to
accommodate existing workflows. We designed the new API
to be consistent and easily extendable. More data types are
accessible, and all returned content is structured in the same
standardized way. Whereas in the API v2 only genes and
gene families could be queried (in order to retrieve associ-
ated information), in API v3 this has been extended to func-
tional ontologies: a standard example would be to retrieve
all genes for a set of GO identifiers. Finally, the API also
offers the capability to perform enrichment analyses, which
thus allows end-users to work on sets of gene-sets, going
one-step further than the capabilities of the workbench.

Species instance finder

With the multitude of different PLAZA versions, and the
associated multiple instances, it has become unwieldy for
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end-users to know which PLAZA instance is the one to use
when they have a specific species in mind. This issue is fur-
ther exacerbated by the multitude of assembly and annota-
tion versions available for the majority of species. For ex-
ample, for 4. thaliana four different versions of the genome
annotation are present in the different PLAZA versions and
instances, while for Oryza sativa ssp. japonica five different
genome annotations are available. In the PLAZA portal, we
implemented a new tool, the Species Instance Finder, that
allows the end-user to easily find all the instances that con-
tain a given species, and allows additional filtering based on
genome assembly and annotation version.

CONCLUSION

The PLAZA platform continues to grow in both data con-
tent and features, keeping pace with the ever-increasing
number of available plant genomes. This new release cov-
ers a wide taxonomic range of families, making the plat-
form a valuable resource for comparative and evolutionary
studies within the green plant lineage. The biodiversity of
integrated genomes can benefit studies with an ecological
or economic focus. The further development of the PLAZA
workbench marks the continuous shift from single-gene to
gene-set analyses.

DATA AVAILABILITY

Users can access the PLAZA portal, with links to the
PLAZA 5.0 instances described in this manuscript, at https:
/Ibioinformatics.psb.ugent.be/plaza/. Through the website
all data can be accessed or downloaded, and bulk down-
loads are also available from our FTP server https://ftp.psb.
ugent.be/pub/plazal/.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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