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Abstract

Networks of scientists working in coordinated efforts to advance plant systematics and taxonomy are becoming increas-
ingly vital. Beyond the necessity of cataloguing and naming plant diversity—which is fundamental for supporting and
safeguarding threatened biodiversity—there is also a growing need for robust comparative analyses across all taxonomic
levels. Such endeavours rely heavily on a dependable taxonomic framework, ideally embedded within a solid phylogenetic
context. BrassiBase, a taxonomic knowledge platform, was launched in 2012. Since then, significant progress has been made
in phylogenetic research and taxonomic revisions, leading to the availability of comprehensive evolutionary concepts. A
newly developed version of BrassiBase is presented here, now integrated with World Flora Online (WFO) and underpinned
by the most current phylogenetic analyses. This version features an updated species checklist encompassing 61 tribes, 363
accepted genera, 4148 accepted species, 428 subspecies, 58 varieties (excluding nominotypical taxa), and a total of 10,725
synonyms. The phylogenetic placement tool (PPT), which utilises ITS sequence data, has been significantly enhanced and
now incorporates off-target ITS sequences obtained through next-generation sequencing. These achievements are the result
of collaborative work by a large, well-connected community of scientists dedicated to serving the broader scientific com-
munity. We advocate for interdisciplinary collaboration within coordinated networks to advance the taxonomy, systematics,
and evolutionary research of crucifers, thereby laying the groundwork for future cross-disciplinary research in plant biology
and beyond.
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Introduction

The taxonomic history of the Brassicaceae stretches
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conflicting, classification systems were proposed (Koch
et al. 2003a). The emergence of biochemical and molecu-
lar markers in the 1990s and early 2000s marked a new
era in crucifer systematics, phylogenetics, and taxonomy
(Koch et al. 2003a). At that time, the family was thought
to comprise approximately 340 genera, around 3350 spe-
cies, and 19 tribes. Over the following decade, classifica-
tions continued to evolve (Al-Shehbaz 2012), reflecting
the limitations of early molecular systematics, which fre-
quently relied on single markers or subsets of the nuclear
and plastid genomes.

These developments led to significant changes: the num-
ber of recognised species rose by 9% to 3660, while the
number of accepted genera declined by 9% to 321—high-
lighting the prevalence of morphological convergence and
homoplasy in the family. However, molecular data also ena-
bled the recognition of monophyletic groups that had previ-
ously gone unnoticed due to a lack of diagnostic characters,
particularly at the generic and tribal levels. This culminated
in the formal acceptance of 49 tribes in 2012 (Al-Shehbaz
2012).

Since the early 2000s, researchers from diverse disci-
plines have collaborated to clarify the evolutionary history
of the Brassicaceae and to refine taxonomic frameworks that
better reflect its phylogenetic relationships. Among numer-
ous significant contributions, 2 stand out for their influence
on taxonomic knowledge dissemination. First, Warwick
et al. (2006) published a comprehensive species checklist—
available both in print and as a digital Excel file—cover-
ing ~ 14,000 names with taxonomic status, authorship, litera-
ture references, and source verification (updated by Francis
et al. 2021). Second, a complementary chromosome number
database was published in the same journal issue (Warwick
and Al-Shehbaz 2006), which has since shaped studies on
Brassicaceae genome evolution (Lysak et al. 2009; Lysak
and Koch 2011; Kagale et al. 2014; Guo et al. 2021; Man-
dakova et al. 2020; Walden and Schranz 2023).

These collaborative efforts led to the launch of the Ger-
man research programme “Adaptomics” in 2011, which con-
cluded in 2018. The initiative aimed to generate predictive
insights into how plants adapt to environmental conditions,
focusing on the Brassicaceae’s ecological diversity. This
programme promoted research beyond the model species
Arabidopsis thaliana and encouraged exploration of evo-
lutionary mechanisms in a broader phylogenetic context. A
key infrastructural outcome of Adaptomics was the creation
of BrassiBase, a knowledge database designed to integrate
taxonomic, phylogenetic, genomic, cytological, and trait-
based data for the Brassicaceae. Released in 2012 (Koch
et al. 2012), BrassiBase offered tools for species enumera-
tion, trait comparison, phylogenetic placement, and elec-
tronic identification keys. It has since undergone 2 updates
(Kiefer et al. 2014; Koch et al. 2018) and continues to serve
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as a critical resource for research into systematics, evolution,
and biodiversity within the family (e.g. Koch and German
2013; Koch 2019; Koch et al. 2018; Kaya et al. 2022).

Following the last BrassiBase update (version 1.2a; Koch
et al. 2018), the underlying species checklist and taxonomic
backbone were revised in version 1.3 (June 2020). Contin-
ued research in taxonomy, systematics, and phylogenomics
has since expanded our understanding of the Brassicaceae’s
evolutionary history, moving firmly into the genomic era.
Phylogenetic analyses based on transcriptomes (Huang
et al. 2015), plastid genomes (Guo et al. 2017; Walden et al.
2020), and targeted nuclear gene capture (Nikolov et al.
2019) have laid the foundation for current interpretations of
lineage relationships. Broad-scale studies, such as the One
Thousand Plant Initiative (2019) and Zunitini et al. (2024),
have provided critical context at the angiosperm-wide level.

In 2024, shortly after the 20th International Botanical
Congress (IBC2024) in Madrid, a dedicated taxonomic
expert network—BrassiTEN—was formally established.
This initiative brought together scientists with a shared focus
on the Brassicaceae (Online Resource 1), many of whom had
already been instrumental in shaping the database, phylog-
enies, and taxonomic insights mentioned above. Building
on this expertise a comprehensive genus-level phylogeny
based on over 1000 nuclear genes was published (Hendriks
et al. 2023), confidently placing 319 Brassicaceae genera
from 57 tribes into a well-resolved phylogenetic framework.
While species-level resolution was not the primary goal of
that study, it complements earlier ITS-based diversifica-
tion analyses (Huang et al. 2019), which included more
than 2000 taxa—all of which have been integrated now into
BrassiBase. Implementing all this phylogenetic/-genomic
knowledge led to a new taxonomic treatment (German et al.
2023), establishing 2 subfamilies—Aethionemoideae and
Brassicoideae—and recognising 58 tribes organised within
5 supertribes: Arabodae, Brassicodae, Camelinodae, Helio-
philodae, and Hesperodae.

These foundational achievements necessitated a compre-
hensive reassessment of the entire taxonomic backbone at
species level, prompting a major new release of the Bras-
siBase species checklist. Concurrently, at IBC2024, the
World Flora Online (WFO) initiative (Loizeau and Jackson
2017; Borsch et al. 2020) invited new collaborators to con-
tribute Taxonomic Expert Networks (TENs). In response,
the BrassiBase coordination team established an expanded
expert consortium under BrassiTEN, representing broad
expertise in taxonomy, evolutionary biology, bioinformat-
ics, and collection curation.

This collaboration was formally recognised in 2024, and
with the WFO December release, BrassiBase (version 2.0.1)
delivered a major update to WFQ’s Brassicaceae taxonomy
(The World Flora Online Consortium, 2024). The WFO now
lists 366 genera and 4544 species for the family. In contrast,



BrassiBase serving the scientific community

Page3of16 30

BrassiBase maintains a more conservative count of 363 gen-
era, 4148 accepted species, 428 subspecies, and 58 varieties
(excluding nominotypical taxa). The discrepancy is mainly
due to unvetted synonyms, often lacking voucher specimens
or reliable metadata.

BrassiTEN (https://about.worldfloraonline.org/tens/brass
icaceae) thus represents a growing, multidisciplinary net-
work with a track record of joint projects and hundreds of
publications on Brassicaceae taxonomy, systematics, and
evolution over the past 25 years. An earlier, very rough
bibliometric analysis on Brassicaceae (Zhou et al. 2024)
provided evidence for a growing community and research
output since the beginning of the twenty-first century. Obvi-
ously, research output of BrassiTEN members increased
over time, but more importantly, the shared collaborative
research output consistently increased as well (Fig. 1).

BrassiTEN members have played a leading role in shap-
ing global crucifer research. This is evidenced not only
by their extensive publication output, but also by their
organisation of Brassicaceae-focused symposia at major
scientific events. Dedicated sessions were held at Inter-
national Botanical Congresses (IBC) in St. Louis (1999),
Vienna (2005), Melbourne (2011), Shenzhen (2017), and
most recently Madrid (2024). These meetings reflected
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scientific progress over successive six-year periods. Nota-
bly, the 2005 Vienna symposium led to a thematic Special
Issue published in Plant Systematics and Evolution (Koch
and Mummenhoff 2006).

Beyond taxonomy and phylogenetics (German et al.
2023; Hendriks et al. 2023; Dominicus et al. 2025), Bras-
siTEN has been instrumental in developing new model
systems and clades for comparative research (Makenzie
et al. 2023). Nearly 15 years ago, several BrassiTEN
members initiated the Brassicales Map Alignment Project
(BMAP) under the DOE-JGI (http://bmap.jgi.doe.gov/).
This initiative began with a “Top 20” list of Brassicales
species—18 of which belonged to the Brassicaceae—and
later expanded to a “Top 100" priority list for high-quality
genome sequencing.

Central to this effort was access to well-documented,
reproducible plant material. Here, BrassiBase’s germplasm
repository proved vital, housing thousands of genetically
defined accessions. This resource supported the publica-
tion of several influential genome studies (e.g. Jiao et al.
2017; Kiefer et al. 2019; Hamaili et al. 2024).

These collaborative structures reflect the increasing
integration of BrassiTEN across disciplines—from clas-
sical systematics to cutting-edge genomic research. The
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Fig.1 Summary graph of publications focusing on Brassicaceae
(n=301) and authored by at least two BrassiTEN members (n=26)
throughout the last 25 years. The shared collaborative research is

Year

bridging not only scientists but also the various disciplines and key
expertise represented by them. Accordingly, interactions displayed for
example with joint publications are diverse and “reticulate” (Fig. 2)
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group functions not merely as a taxonomic consortium
but as a hub for innovation in evolutionary biology and
comparative plant science.

The initial version of BrassiBase already included a
DNA-based phylogenetic placement tool that utilised ITS
(internal transcribed spacer regions 1 and 2 of nuclear-
encoded ribosomal RNA) sequences from more than 2000
taxa. This tool was developed to address the frequent dif-
ficulties in accurately identifying specimens at the genus
and species level—issues common in herbarium collections,
germplasm banks, and research material, where misidentifi-
cations are widespread. BrassiBase offered a robust solution
by providing a simple but effective Phylogenetic Placement
Tool (PPT) based on curated reference alignments. Widely
adopted, the PPT has supported both the taxonomic place-
ment of unidentified samples and the formal description of
new taxa (e.g. Donmez et al. 2017, 2023; Koch and Lemmel
2019; Kantor et al. 2023). It has also been incorporated into
best-practice guidelines for documenting material in metab-
olomics research (Pulovic et al. 2024). While ITS sequences
alone cannot always resolve genetic relationships at the spe-
cies level, the PPT generally offers reliable placement within
closely related groups. This allows users to proceed with
more detailed identification using morphological keys, dis-
tributional data, and additional traits.

Moreover, the knowledge aggregated in BrassiBase has
served as a vital resource for testing general hypotheses in
plant evolutionary biology. These include studies on genome
size variation (Lysak et al. 2009; Hohmann et al. 2015), dip-
loid and polyploid evolution (Romén-Palacios et al. 2020),
morphological disparity (Walden et al. 2020), comparative
genome evolution (Schranz et al. 2006; Murat et al. 2015;
Lysak et al. 2016), diversification dynamics across the fam-
ily (Huang et al. 2020), and mechanisms of concerted evolu-
tion (Koch et al. 2003b).

In this paper, we introduce BrassiBase v2025, a newly
developed and substantially improved version of the
database. It incorporates the latest taxonomic species
checklist (version 1.7), which forms the dynamic back-
bone for all linked data within the system. This checklist
is connected—via GenBank accession codes—to up-to-
date phylogenetic inferences, including ITS1 and ITS2
sequences derived from both traditional Sanger sequenc-
ing and a new class of ITS data generated through short-
read next-generation sequencing (NGS). In parallel, we
highlight the formal launch of BrassiTEN at IBC2024 in
Madrid—an initiative fully aligned with the goals of the
World Flora Online (WFO) and marking a new phase of
community-driven scientific collaboration. Through Bras-
siTEN and the innovations of BrassiBase v2025, we aim
to contribute to the following objectives: a) Advancing
the discovery and documentation of global plant biodiver-
sity in coordination with WFO; b) Facilitating integration
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between scientific communities across both developed and
developing regions, using BrassiBase as a shared research
platform; c) Accelerating the exploration of Brassicaceae
diversity in global biodiversity hotspots, notably the Irano-
Turanian region, proposed as a possible centre of origin
for the family (Al-Shehbaz et al. 2007; Cheo et al. 2001;
Hedge 1976; Karl and Koch 2013; Mohammadin et al.
2017; Kantor et al. 2023); d) Identifying and resolving tax-
onomic and nomenclatural challenges through transparent
scientific scrutiny; and e) Enabling deeper exploration of
evolutionary principles within Brassicaceae and beyond.

Material and methods

The BrassiBase database comprises multiple intercon-
nected data tables, each containing distinct types of infor-
mation: the taxonomic checklist, ITS sequence alignments
and reference trees (forming the basis of the “Phylogenetic
Placement Tool”), a curated bibliography on Brassicaceae-
related literature, genome size and chromosome number
data, as well as a morphological character matrix. In the
original version of BrassiBase, these datasets operated
independently—changes in one table had no automatic
effect on the others. With the current release, we introduce
a fundamental conceptual shift: all components are now
linked via a dynamic and flexible taxonomic backbone.
This ensures that updates to taxonomic names are synchro-
nised across all associated datasets without compromising
their integrity or consistency.

From its initial release, BrassiBase included high-qual-
ity ITS (internal transcribed spacer) sequences—com-
monly used nuclear markers that separate ribosomal RNA
genes—primarily obtained via direct Sanger sequencing
using specific PCR primers. These sequences formed the
foundation of the original Phylogenetic Placement Tool.
However, most of these early ITS accessions lacked addi-
tional phylogenomic or multi-locus data. This limitation has
been addressed in the current release. We now incorporate
ITS sequences assembled de novo from Illumina short-read
data, enabling their integration into reference alignments and
phylogenetic trees based on large-scale, multi-gene datasets.
The sequences were derived from material used in the latest
Brassicaceae nuclear phylogeny (Hendriks et al. 2023), all of
which was carefully curated by domain experts. As a result,
BrassiBase now features object-based connectivity between
ITS sequence data and the most comprehensive nuclear
phylogeny currently available for the family. Moreover, the
taxonomic checklist is now actively linked to all other data
tables, ensuring that taxon names remain consistent and cur-
rent across the entire platform.
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The following section outlines the updated structure of
BrassiBase and its core data components in more detail.

The core of BrassiBase is a single database table
listing Brassicaceae taxonomic names

The central database table in BrassiBase stores core infor-
mation for each taxon, including its taxonomic status, rank,
and the corresponding literature reference. Each entry is
linked both to the next higher hierarchical level (the “par-
ent” taxon) and, where applicable, to the currently accepted
name. As of now, the table includes 16,603 records. These
records form the backbone for reconstructing taxonomic
placements and relationships among names. All data within
the BrassiBase knowledgebase are accessible via a web-
based user interface and through a stable URL structure
that allows individual entries to be bookmarked or shared.
Each name is internally represented by a permanent identi-
fier in the format bb-rank-number. For example, the species
Brassica oleracea L. is stored as bb-spc-4454 and can be
retrieved via the URLs: /names/get/id/bb-spc-4454 and /
names/get/name/Brassica+ oleracea. When additional data
are available for a given name (e. g. voucher specimens,
images, trait data), these are displayed alongside the taxon
summary. Supplementary data categories, such as cytoge-
netic information or bibliographic references, are stored
in linked tables. Curated bioinformatics resources—such
as tribal reference alignments of ITS sequences and corre-
sponding phylogenetic trees—are maintained separately and
linked to the taxonomic database. The BrassiBase web inter-
face, accessible at https://brassibase.cos.uni-heidelberg.de/
bb2, provides intuitive, menu-driven navigation and search
functionality. A dedicated downloads section enables users
to retrieve datasets in a variety of formats.

During the transition from BrassiBase v1.3 to v2025, the
previous version remains temporarily available and includes
a link to the new release for continuity of access. From a
technical perspective, BrassiBase v2025 is built on a con-
ventional LAMP stack, comprising: a Debian Linux virtual
machine, an Apache web server, a MariaDB database, and
PHP as the primary scripting language. The user interface
incorporates standard JavaScript for interactive components.
Importantly, the program logic, data files, and user interface
are separated from the core database, which is hosted on
a separate virtual machine for improved performance and
security. The underlying database structure is illustrated in
Online Resource 2. For bioinformatic functionality, Bras-
siBase employs a pipeline composed of widely used and
peer-reviewed tools, including: MAFFT (Katoh and Frith
2012) for multiple sequence alignment, RAXML (Stama-
takis 2014) for phylogenetic inference, components of the
EMBOSS suite (Rice et al. 2000), and Newick Utilities
(https://github.com/tjunier/newick_utils) for tree processing

and visualisation. All software components were installed in
their latest stable versions from official repositories to ensure
reproducibility and compatibility.

The taxonomic backbone is key to sharing any
information

In BrassiBase, the Taxonomy section enables users to access
comprehensive taxonomic information at species, genus, and
tribal levels. The most recent species checklist, along with
related datasets, is available for download via the Down-
loads section. The previous version of BrassiBase (v1.3,
released in 2018) used an earlier checklist that presented
several limitations. It was difficult to update, could not
easily incorporate external taxonomic content, and lacked
programme-friendly access for data exchange with other
systems.

As of this writing, the Brassicaceae species checklist
has reached version 1.7 (2024), which resolves these issues
through the following improvements: (1) Manual correc-
tion of inconsistencies: Numerous ambiguous or conflict-
ing taxonomic entries—affecting both synonymy and rank
assignments—were identified and corrected. (2) Revised
data structure: The checklist is now maintained in a format
that is easily updated and can be exported as a single, con-
sistent table suitable for exchange with external systems such
as the World Flora Online (WFO). WFO updates its plant
species checklist biannually. For the December 2024 release,
BrassiBase for the first time synchronised its checklist with
WEFO’s Brassicaceae dataset. This involved mirroring the
WFO data, identifying taxonomic contradictions and other
discrepancies, and resolving these before sending back the
corrected dataset for integration into the WFO release.

This update also implemented the latest tribal, super-
tribal, and subfamily classifications, following the struc-
ture proposed by German et al. (2023). The current design
of BrassiBase’s taxonomy table is fully compatible with
WFO’s infrastructure and can directly contribute to its
global taxonomy releases. Between formal updates, Bras-
siBase uses the WFO API internally to cross-reference its
taxonomic content. This allows the system to detect, log, and
address discrepancies in near real-time.

Looking ahead, BrassiBase intends to support WFO
through regular updates, implemented via two complemen-
tary approaches: (i) Direct contribution via the Rhakhis
Taxonomic Editor: Members of the Brassiaceae Taxonomic
Expert Network (TEN) contribute directly to WFO through
the Rhakhis Taxonomic Editor (https://plant-list-docs.rbge.
info/rhakhis/), a user-friendly online platform for managing
taxonomic names and classifications. TEN members log in
with their ORCID ID, which tracks individual contributions
and generates authorship for WFO outputs (e.g. the WFO
Plant List in Zenodo, and records in Catalogue of Life’s
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ChecklistBank). TEN Leads hold editorial rights at the fam-
ily level for their respective taxonomic groups. (ii) Synchro-
nised and mirrored updates between BrassiBase and WFO:
Regular updates are mirrored between BrassiBase and WFO,
enabling cross-checking and alignment of taxonomy. This
dual approach supports both individual and collaborative
efforts, maximising the impact and accuracy of BrassiTEN
contributions.

As aresult, all species-level information in BrassiBase—
such as chromosome counts, genome size data, gene align-
ments, and GenBank accession numbers—is dynamically
linked to the current species checklist, which serves as the
central data backbone of the system.

A phylogenetic tool for fast and reliable tests
for systematic context

The Phylogenetic Placement Tool (PPT) in BrassiBase,
introduced in the first release (Koch et al. 2012; Kiefer
et al. 2014), primarily serves as a DNA identification tool.
It places user-supplied ITS sequences (internal transcribed
spacer regions) into curated tribal reference alignments and
returns a maximum-likelihood tree that includes the query
sequence (see Kiefer et al. 2014 for technical details). The
ITS region is one of the most widely used genetic mark-
ers in Brassicaceae systematics and beyond. Despite cer-
tain limitations—such as its high tandem-copy number,
paralogous loci, potential chimeric sequences, and patterns
of both concerted and non-concerted evolution (Koch et al.
2003b)—it remains highly informative for genus- and tribal-
level analyses (e.g. Alvarez and Wendel 2003; Warwick
and Sauder 2005; Bailey et al. 2006; Agerbirk et al. 2021).
However, ITS alone cannot reliably resolve deeper phylo-
genetic relationships (e.g. among tribes or subfamilies), nor
is a single marker sufficient to reconstruct complex evolu-
tionary histories shaped by polyploidy, hybridisation, and
reticulate evolution. Beyond phylogenetic inference, ITS has
been widely used in DNA barcoding (e.g. Duan et al. 2019;
Banchi et al. 2020), offering a rapid method for identifying
unknown or fragmentary material—such as sterile vouchers,
seed lots prior to germination, or morphologically incom-
plete specimens.

Earlier versions of the BrassiBase PPT relied on
Sanger-sequenced ITS data, including sequences from
global diversification studies such as Huang et al. (2020),
which drew on high-quality systematic, taxonomic, and
phylogeographic research. In the current release, these
data have been expanded with newly assembled ITS
sequences derived from Illumina sequencing via de novo
assembly. These sequences originate from the genus-
level Brassicaceae phylogeny by Hendriks et al. (2023;
https://treeoflife.naturalis.nl/brassicaceae), which used tar-
geted gene capture of over 1000 nuclear loci. Additional,

@ Springer

previously unpublished data generated with identical
laboratory methods were also incorporated. Importantly,
Hendriks et al. (2023) enriched their sequencing libraries
with whole-genome skimming data, enabling de novo ITS
assembly for each sample. Their work also re-analysed
earlier data from Nikolov et al. (2019), which we included
as well.

To generate these “virtual ITS” sequences, raw reads
were trimmed using Trimmomatic v0.40-rc1 (Bolger
et al. 2014), applying the following criteria: Removal of
low-quality bases using a 4 bp sliding window (average
Phred score < 25), removal of leading/trailing bases with
Phred < 20, removal of reads shorter than 50 bp. De novo
assembly was performed with SPAdes (Prjibelski et al.
2020) using standard parameters. Promising contigs were
identified via BLAST (Altschul et al. 1990), aligned with
MAFFT v7.520 (Katoh and Standley 2013) against existing
BrassiBase reference alignments, and manually refined in
AliView (Larsson 2014). Sequences under 500 bp or those
showing random SNP patterns (likely due to assembly
errors) were excluded.

Out of 1385 sequenced libraries (including 137 dupli-
cates), 746 high-quality ITS assemblies remained, represent-
ing 1221 accessions from Hendriks et al. (2023), a follow-up
study (Hendriks et al. in prep.), and Nikolov et al. (2019)
(Online Resource 3). This dataset enables direct object-
based linking in BrassiBase between: curated herbarium
vouchers, the most comprehensive genus-level Brassicaceae
phylogeny to date, and the corresponding ITS sequences.

BrassiBase also integrates a curated selection of ITS
sequences from GenBank (NCBI). Although GenBank
contains approximately 13,000 ITS sequences from ~2000
Brassicaceae taxa (primarily from Sanger sequencing),
many entries lack validation or may be based on misidenti-
fied specimens. We therefore performed a rigorous review,
accepting only sequences from peer-reviewed studies in sys-
tematics, phylogenetics, population genetics, or evolutionary
biology. Particular attention was given to: verifying taxo-
nomic assignments, correcting outdated or invalid names,
and handling chimeric sequences (e.g. joined ITS1+ITS2
from separate PCR reactions). Sequences under 500 bp were
excluded due to the risk of incomplete placement. Following
curation, 11,407 high-quality ITS sequences from GenBank
were retained. Together with the 746 virtual ITS sequences,
BrassiBase now hosts a total of 12,145 ITS sequences
(Online Resource 4).

The updated Phylogenetic Placement Tool now follows a
two-step process: BLAST Pre-Screening: The user’s query
sequence is first compared against the complete BrassiBase
ITS library. Based on top matches, likely tribal affilia-
tions are suggested. Phylogenetic Placement: The selected
tribal alignment is then updated with the user’s sequence
via MAFFT, and the query is placed using RAxML’s
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evolutionary placement algorithm. The resulting tree is
rendered as an SVG image using NewickUtils’ nw_display.
This new approach is significantly faster, more resource-
efficient, and supports batch analysis by accepting multi-
FASTA uploads.

Phylogenetic placement and reference data sets

The revised Phylogenetic Placement Tool (PPT) was tested
using two independent datasets:

(1) Validation of GenBank Sequences: During the inte-
gration of 9286 ITS sequences from GenBank into the Bras-
siBase reference alignments, sequences that appeared sus-
piciously divergent (based on multiple sequence alignment
comparisons) relative to other sequences from the same
species were excluded from incorporation. This resulted in
the removal of 380 sequences, representing an approximate
4% exclusion rate. These flagged sequences were subse-
quently analysed via BLAST against the BrassiBase ref-
erence ITS library. We compared the genus-level identity
provided in GenBank with the genus assignment based on
our BLAST results, and cross-checked both against tribal
assignments derived from our internal taxonomic refer-
ence Table (2) Cross-Validation of de novo ITS assemblies:
A second validation involved the de novo assembled ITS
sequences derived from Illumina data as part of the recent
genus-level Brassicaceae phylogeny (Hendriks et al. 2023;
Hendriks et al. in prep.). After excluding highly divergent
sequences (likely assembly artefacts), the remaining high-
confidence sequences were subjected to BLAST analysis
against the curated ITS sequences from GenBank already
integrated into BrassiBase. For this analysis, we compared
taxonomic delimitation of those accessions being already
published (Hendriks et al. 2023) and which had been repeat-
edly validated by BrassiTEN experts and were assumed to be
highly reliable (near 100% accuracy), and the unpublished
[llumina-derived sequences, which are currently under
review for inclusion in a forthcoming phylogenetic study.
This comparative approach not only validates the robust-
ness of the updated PPT pipeline but also helps identify a
small subset of accessions requiring further curation. Impor-
tantly, the likelihood of misidentification or contamination is
minimised by the fact that sequencing material was carefully
selected and pre-screened by Brassicaceae experts within the
BrassiTEN network.

Citation analyses and collaboration network graphs

To highlight and quantify collaborative research efforts
among Brassicaceae TEN members we collected individ-
ual publication lists of TEN members from 2000 onwards.
Restricting analyses to peer-reviewed contributions, we
counted those publications focusing on Brassicaceae

(n=301) and co-authored by at least two out of the 26 Bras-
siTEN members throughout the last 25 years. These data
were used to generate a chord diagram illustrating co-author-
ship links between TEN members with two or more shared
publications over the past 25 years. For each publication,
pairwise collaborations were calculated and normalised by
the total number of TEN co-authors per paper. Data analysis
and visualisation were carried out in R 4.4.2 (R Core Team
2024), using the packages: DescTools v0.99.59 (Signorell
2025), dplyr v1.1.4 (Wickham et al. 2023), and circlize
v0.4.16 (Gu et al. 2014) for plotting the chord diagram. To
place the activities of BrassiTEN members in a wider sci-
entific context and assess their interdisciplinary outreach,
we conducted a broader bibliometric analysis using Sco-
pus (2000-2025). This search targeted peer-reviewed and
indexed publications using the keyword “Brassicaceae”,
without restricting results to TEN members. To focus on
impactful contributors, we applied the following filters:
authors must have published at least ten relevant articles,
and must be connected by at least one co-authorship link.
This yielded 8501 citation records, forming the basis for a
researcher association network graph comprising 124 sci-
entists, including 13 BrassiTEN members. In this network,
citation clusters and co-authorship links were used to visu-
alise collaborative dynamics across disciplines.

All network analyses were conducted using VOSviewer
v1.6.18 (Perianes-Rodriguez et al. 2016) in conjunction with
the Web of Science citation database. Network generation
was based on the following settings: association strength
as the similarity measure, default layout parameters, reso-
lution = 1.00, minimum cluster size =1, qttraction=1, and
repulsion=—2. The interactive version of this network is
accessible via the online VOSviewer app, allowing users to
explore and adjust visualisation parameters dynamically. The
full network dataset is published on Zenodo (https://zenodo.
org/records/15652856) including all underlying author lists,
metadata files. The JSON file can be viewed via a direct link
using the vosviewer app (https://app.vosviewer.com/?json=
https://zenodo.org/records/15652856/files/20250605_brass
icaceae_network.json?/content) (Guerin et al. 2025).

Further improvements

Additional information available in BrassiBase from earlier
releases includes a substantial cytogenetic dataset compris-
ing DNA content and ploidy level data for numerous Bras-
sicaceae accessions. Since the last version, this dataset has
been significantly expanded, critically revised, and made
more accessible through the implementation of an improved
filtering function, allowing faster and more targeted que-
ries. The literature database has also been a core component
of BrassiBase since its inception. It has been continuously
updated and is now more easily searchable through enhanced
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interface features. The current version includes approxi-
mately 9100 entries, covering: chromosome data sources,
original species descriptions (protologues), and taxonomic,
systematic, and phylogenetic studies. A systematic incor-
poration of literature from the last five years is currently
underway. The previous BrassiBase release also introduced a
morphological database, based on the NaviKey identification
system (http://www.navikey.net/) developed and provided
by Ihsan Al-Shehbaz (Missouri Botanical Garden). This
module enables the categorisation of Brassicaceae genera
by morphological traits and supports the exploration of the
family’s morphospace. While no new data have been added
to this module in the current release, the existing dataset
remains available and has been linked to the revised taxo-
nomic framework wherever possible. The cytogenetic data
module continues to be actively maintained. In this release,
an additional 131 chromosome count references were incor-
porated, integrating the latest available data from the IAPT/
IOPB chromosome database (https://www.iaptglobal.org/
chromosome-data).

Results and discussion

The new version 2.0.1 of BrassiBase is accessible via the
same URL as previous releases: https://brassibase.cos.uni-
heidelberg.de/. This release consolidates and expands upon
all previously introduced functionalities, while introducing
several major improvements: (i) A fully revised and updated
taxonomic checklist, (ii) the implementation of this check-
list (accepted names only) as a dynamic and central data
backbone for the entire platform, and (iii) the integration
of ITS sequences derived from specimens included in the
most recent genus-level Brassicaceae phylogeny (Hendriks
et al. 2023), thus linking BrassiBase to the most current and
robust phylogenetic framework available, and to well-docu-
mented specimens reviewed by BrassiTEN members. Taxon
names in BrassiBase remain cross-referenced with external
databases such as IPNI (https://www.ipni.org/) and Tropicos
(https://tropicos.org/), and are now also mirrored with World
Flora Online (WFO) to ensure taxonomic synchronisation
across platforms. Over the past two decades, the BrassiTEN
network has developed into one of the most influential and
collaborative research communities in Brassicaceae science
(Fig. 3). Accordingly, we view BrassiBase and BrassiTEN
not only as a foundation for advancing taxonomy and sys-
tematics, but also as a platform for: bridging disciplines,
promoting integrative and collaborative research, and fos-
tering innovation in emerging scientific fields related to
Brassicaceae.
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The taxon checklist turned into a dynamic backbone
taxonomy

As of 25 April 2025, the BrassiBase taxonomic checklist
comprises 2 subfamilies, 61 tribes (three of which are can-
didates for further division, based on recent phylogenetic
evidence; e.g. Walden et al. 2020; Hendriks et al. 2023),
363 genera, 4148 species, 428 subspecies, and 58 varieties
(excluding autonyms). In addition, the database contains
10,725 synonym entries, broken down as follows: 8417 spe-
cies, 1477 varieties, and 807 subspecies (autonyms excluded
in all cases). By comparison, the current WFO (World Flora
Online) checklist lists: 4544 species, 366 genera, 56 tribes,
and 2 subfamilies. This reveals a discrepancy of 396 spe-
cies, which, according to the BrassiBase checklist, should
not be accepted. This discrepancy highlights the need for
refinement in the forthcoming WFO December update,
particularly concerning species delimitations. Addressing
such inconsistencies is central to the mission of BrassiTEN,
which is actively working to improve WFO data quality
through systematic expert contributions. Similar workflows
and outcomes have been documented for other plant groups,
including: Caryophyllales (Herndndez-Ledesma et al. 2015),
Cactaceae (Korotkova et al. 2021), and the genus Erica
L. (Elliott et al. 2024a, b). Since January 2025, WFO has
begun sharing monthly updates of new records integrated
into its taxonomic backbone via synchronisation with IPNI,
streamlining curation and oversight for TENs. This enables a
consistent and transparent workflow for updating taxonomic
data.

Several other TENs have already established dedicated
data portals that serve as knowledge hubs for their respec-
tive families, for example Solanaceae (https://solanaceae
source.myspecies.info/), Begonia L. (https://padme.rbge.org.
uk/Begonia/), Asteraceae (https://www.compositae.org/),
Fabaceae (https://www.legumedata.org/working-groups/
taxonomy/), or Caryophyllales (https://caryophyllales.org/).
These initiatives exemplify the collaborative and multidisci-
plinary spirit in modern plant systematics. Likewise, Bras-
siTEN is committed to sharing expertise across disciplines,
fostering collaboration between taxonomists, phylogeneti-
cists, geneticists, and other researchers in plant sciences.

An analysis of the publication history of BrassiTEN
members over the past 25 years (Fig. 2) illustrates a strong
record of sustained collaboration, providing a solid foun-
dation for maintaining and updating Brassicaceae taxo-
nomic knowledge into the future. The scientific impact
and outreach of BrassiTEN is further demonstrated by a
co-authorship network based on publications between 2000
and 2025 that include “Brassicaceae” as a keyword. This
network highlights researchers with at least ten publica-
tions, and shows that most BrassiTEN members are centrally
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Fig.2 Chord diagram of shared
publications (n=301) on Bras-
sicaceae among BrassiTEN
members (n=26) from 2000 to
2024 indicates highly networked
collaboration

positioned, often acting as key connectors between sub-net-
works (Fig. 3).

ITS reference sequence data in BrassiBase
demonstrate taxonomic and technical improvement

From its inception, BrassiBase has aimed not only to provide
robust taxonomic content, but also to offer a reliable tool
for identifying Brassicaceae material, including herbarium
vouchers, field samples, and germplasm accessions. Tradi-
tional identification is often hampered by missing diagnostic
characters and the extensive homoplasy observed in nearly
all morphological traits (Walden et al. 2020). As a result,
reliable identification at the species, genus, or even tribal
level can be challenging or impossible using morphology
alone. To address this, BrassiBase implemented a phylo-
genetic placement approach using the Internal Transcribed
Spacer (ITS) region as phylogenetic marker. ITS is widely
used in Brassicaceae systematics and is relatively easy to
obtain—even from aged herbarium specimens or seeds. The
pipeline from DNA extraction to sequencing and analysis is
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rapid and cost-effective, making ITS a practical marker for
large-scale applications. Over the years, the Phylogenetic
Placement Tool (PPT) in BrassiBase has undergone continu-
ous refinement.

Prior to the current release, BrassiBase included 2113
ITS sequences derived from Sanger sequencing, many of
which were contributed by Huang et al. (2020). With ver-
sion v2025, the ITS dataset has expanded considerably to
include: 746 ITS sequences assembled from next-gener-
ation sequencing (NGS) data, and 11,407 Sanger-derived
ITS sequences (including both legacy and newly curated
sequences), resulting in a total of 12,145 ITS sequences
currently housed in BrassiBase. In terms of taxonomic
coverage, BrassiBase v2025 now includes: ITS data from
all 61 tribes, 359 genera (previously 324), and 2578 spe-
cies (previously 2014), representing an increase of 22%
in tribes, 11% in genera, and 28% in species compared
to earlier releases. Some tribal alignments were further
subdivided due to evidence of non-monophyly, specifically
in Iberideae, Camelineae, and Brassiceae, as demonstrated
by Walden et al. (2020) and Hendriks et al. (2023). For
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Fig.3 Network visualization of shared publications (2000-2025)
among researchers (keyword ‘“Brassicaceae”;> 10 documents). Out
of the total 124 authors, 13 are members of BrassiTEN. The colour
determines different clusters of researchers. Lines between research-
ers represent shared publications. In general, the closer 2 researchers

example, the genus Bivonaea was affected by the restruc-
turing of Brassiceae. A breakdown of the current ITS
dataset shows: The 746 NGS-derived sequences cover 56
tribes, 240 genera, and 690 species. The GenBank-derived
sequences represent 59 tribes (including the three split
tribes), 355 genera, and 2427 species. In total, BrassiBase
v2025 provides ITS representation for: 100% of recognised
tribes, 99% of genera, and 62% of known species in the
family.

This high level of coverage translates into a strong
probability of identifying unknown samples at the genus
or tribe level, and frequently even at the species level.
Nevertheless, accurate placement may still depend on the
evolutionary dynamics of ITS loci, such as concerted vs.
non-concerted evolution and the effects of polyploidy (see
Koch et al. 2003b for details). The future expansion of
ITS coverage is expected to be gradual. Many remaining
species are either rare, geographically restricted, or dif-
ficult to access, due to: lack of suitable voucher material,
poorly documented distributions, or logistical challenges
in fieldwork.

To mitigate these limitations, BrassiBase now incor-
porates “virtual ITS” sequences, assembled from short-
read genome-wide Illumina datasets, even when ITS was
not an explicit target. Such data often arise in studies
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are presented to each other, the stronger their relatedness. The inter-
active online copy of this analysis is available at [https://app.vosvi
ewer.com/?json=https://zenodo.org/records/15652856/files/20250
605_brassicaceae_network.json?/content]

aiming to capture single-copy genes or plastid genomes
(e.g. Hendriks et al. 2023), and can yield sufficiently
complete ITS sequences for analysis. Importantly, the
ongoing Brassicaceae Tree of Life (BrassiToL) initiative
(Hendriks et al. in prep.) is expected to further enhance
taxonomic resolution. The project will allow for compre-
hensive cross-linking of all available genomic and ITS
data for each accession, thereby significantly advancing
the power and precision of BrassiBase’s placement tools.

Test cases of ITS datasets highlight the general
usability and future reliability of the “phylogenetic
placement tool”

To evaluate the reliability of the Phylogenetic Placement
Tool (PPT) and to gain insights into the expected error
rates in taxon identification, we conducted 2 test cases:
(i) Voucher-Based NGS Data (Hendriks et al. 2023 and in
prep.): We first assessed a dataset derived from carefully
curated herbarium vouchers used in the genus-level phylog-
eny by Hendriks et al. (2023). In total, 1387 ITS sequences
were initially assembled from short-read Illumina data. Fol-
lowing quality filtering (assembly metrics, sequence length,
alignment behaviour), 641 samples were excluded, leaving
746 sequences for downstream analysis. A full overview
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of the filtering pipeline, quality control steps, and align-
ment statistics is provided in Online Resource 3. Of the 746
retained ITS sequences: 255 were already included in Hen-
driks et al. (2023), 61 of those were originally published in
Nikolov et al. (2019), and 491 are to be included in the forth-
coming Brassicaceae Tree of Life (BrassiToL) project (Hen-
driks et al. in prep.). We then performed BLAST searches
against the BrassiBase reference ITS database and compared
the tribal and generic identity of each sample (as assigned by
the original authors) with the top BLAST hit in BrassiBase.

Results: Among the published sequences, 34 did not
return the correct genus as the top BLAST hit. Among the
unpublished sequences, 40 produced mismatches at the
genus level.

These mismatches may be due to one or more of the fol-
lowing factors: Incorrect taxonomic identification of the
specimen, erroneous sequence assembly (e.g. assembly of
a paralogue or pseudogene), BLAST limitations, as it ranks
similarity based on percentage identity rather than positional
mutation patterns, low phylogenetic resolution in younger
or reticulate lineages, where ITS does not sufficiently distin-
guish genera or species. To resolve these inconsistencies, all
74 mismatched sequences were re-analysed using the Bras-
siBase PPT. This approach showed: Only 4 of the published
and 12 of the unpublished sequences still clustered with dif-
ferent genera, suggesting they were potentially misidentified.
Thus, the true error rates were: 1.2% for published material,
and 2.4% for unpublished material. In most other cases, mis-
matches were attributable to either: poor sequence quality
(resulting in ambiguous placement near the tree base), or
unresolved phylogenetic relationships (e.g. within Alysseae).
Importantly, these estimates likely represent a lower bound,
as divergent sequences had already been excluded during
earlier quality control (step 3 of our pipeline; see Suppl.
Fig. S2). Nevertheless, among the excluded sequences: 10
of the published, and 66 of the unpublished still returned
the correct genus in the top BLAST hit—indicating that low
sequence coverage (causing apparent SNP inflation) was a
common reason for exclusion rather than true misidentifica-
tion. Thus, only sequences with both a poor BLAST match
and strong assembly metrics can be confidently flagged as
misidentified. In total, this yields an estimated error rate of
2.1% for the curated Illumina-derived dataset. This under-
scores the value of using expert-curated voucher material
and highlights the benefit of integrating BrassiBase with the
most comprehensive phylogenies available. It also validates
the continued use of the ITS region for accurate phylogenetic
placement when combined with proper quality control and
expert oversight.

(i1) Publicly Available GenBank Sequences: In the sec-
ond test, we assessed the accuracy of 9286 ITS sequences
recently downloaded from GenBank. These were manu-
ally screened, and 380 sequences were excluded from the

BrassiBase reference alignments based on visual inspec-
tion due to excessive divergence. For these 380 divergent
sequences, we compared: the tribe and genus assignments
in GenBank, with the top BLAST result from BrassiBase.
We found that 82 sequences had an incorrect genus assign-
ment in GenBank. Given the full dataset size, this corre-
sponds to a misidentification rate of 0.9%. However, sev-
eral caveats must be considered: Only sequences > 500 bp
were included in the analysis. Sequences missing the 5.8S
rRNA gene (between ITS1 and ITS2) or containing exces-
sive missing data were excluded. Only sequences associated
with peer-reviewed publications in taxonomic, phylogenetic,
or evolutionary contexts were retained. This likely under-
estimates the true error rate in the broader GenBank ITS
dataset for Brassicaceae. Therefore, although the observed
error rate is similar between BrassiBase and GenBank (2.1%
vs. 0.9%), the curation level and sequence quality in Bras-
siBase—alongside its integration with phylogenetic trees,
expert-verified taxonomies, and voucher records—make it
the preferred reference source for phylogenetic placement
and taxonomic verification.

Conclusion and future perspectives of BrassiBase

The updated version of BrassiBase currently lacks one
important feature: the integration of a character matrix
linked to the dynamic taxonomic backbone. Such a module
would significantly enhance the platform’s utility for mor-
phological and trait-based analyses of evolutionary patterns
and processes (e.g. Walden et al. 2020; Gémez et al. 2022;
Maccagni and Willi 2022; Baczynski et al. 2025). We aim
to pilot this functionality using a comprehensive morpho-
logical dataset for the tribe Arabideae, at species level. This
dataset will cover approximately 550 species, representing
around 13% of the current 4148 species in BrassiBase, and
will be linked directly to the taxonomic backbone. A further
major priority is the integration of data reflecting reticu-
late evolutionary processes. Our recent work on Arabideae
(Walden et al. 2024) demonstrates that traditional bifurcat-
ing phylogenetic trees are insufficient for reconstructing the
complex evolutionary history of this tribe. The main cause
is the prevalence of reticulate evolution, hybridisation, and
introgression, with phylogenetic signatures spanning the
entire ~ 15 million year history of the group (Huang et al.
2020). An indirect proxy for this complexity is the high fre-
quency of neopolyploidy—estimated at 63% for Arabideae
and around 43% across the Brassicaceae (Hohmann et al.
2015). To better capture this complexity, we developed a
novel analytical pipeline to evaluate the placement of par-
alogous gene copies from polyploid taxa on a diploid back-
bone phylogeny. This approach enables quantification of
reticulate patterns, even in deep evolutionary timescales.
In Arabideae, for example, polyploid taxa were distributed
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across 43 distinct, often reticulate clusters within the diploid
backbone (Walden et al. 2024). The same method has since
been applied successfully to the genus Murbeckiella and its
allies (Walden et al. 2025).

In parallel, plastid genome data, as a maternally inherited
marker system, offer an independent phylogenetic signal that
can enrich taxonomic insights and clarify maternal lineages
(Walden et al. 2020; Hendriks et al. 2023; Thomas et al.
2025). A well-resolved plastid phylogeny, in turn, facilitates
the placement of commonly used plastid markers, such as
the ¢trnL intron/frnLF intergenic spacer, in a broader evolu-
tionary context. These regions have been widely employed
in Brassicaceae phylogenetics (e.g. Bailey et al. 2006;
Koch et al. 2007, 2017; Dobes et al. 2007; Schmickl et al.
2008). As of May 2025, GenBank includes approximately
4950 trnL intron and 4800 trnLF spacer sequences from
Brassicaceae.

Together, the integration of taxonomy, molecular phy-
logenies, and plastid and nuclear genomic data will further
enable the reconstruction of the complex and reticulate
evolutionary history of the family. These efforts comple-
ment current activities, including the development of the
Brassicaceae Tree of Life (BrassiToL) (Hendriks and Lens
2024), and may contribute to our understanding of parallel
and convergent evolution in the family.

BrassiBase also aligns with Target 1 of the Global Strat-
egy for Plant Conservation, aiming to provide a comprehen-
sive global overview of Brassicaceae species diversity. This
functionality is intended to support conservation planners,
policymakers, and practitioners by serving as a centralised,
curated resource. Numerous Brassicaceae species are endan-
gered or vulnerable and require targeted, evidence-based
conservation strategies (e.g. Castillo-Lorenzo et al. 2024).
Future updates to BrassiBase will therefore aim to include:
Curated distribution maps, assignments of species to WWF
ecoregions (Olson et al. 2001), and further integration with
conservation-related frameworks such as World Flora Online
(WFO). This not only enhances the platform’s scientific util-
ity but also its contribution to global biodiversity conserva-
tion efforts.

Information on electronic supplementary
material

Online Resource 1. BrassiTEN members, affiliations and ORCID (if
available).

Online Resource 2. Schematic overview of the database structure. The
database consists of several interlinked tables referring to the content.
Respective data fields are shown. The table tb_names (taxonomy) is
core to the database. Alignments, sequences and treefiles are stored in
the server’s file system.
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Online Resource 3. Workflow for determining high quality ITS se-
quences generated from NGS data for integration into BrassiBase.
Online Resource 4. Distribution of ITS sequence data hold in Bras-
siBase sorted according to tribes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00606-025-01964-z.
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