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1  |  INTRODUC TION

DNA barcoding uses short stretches of DNA to identify one taxon or 
multiple taxa of a sample by comparing them to a reference database. 

In a zoological context, researchers commonly employ a part of the 
mitochondrial Cytochrome Oxidase 1 (CO1) gene as a marker region 
for this purpose (Hebert, Cywinska, et al., 2003). In many animal taxa, 
very high identification success rates can be achieved using CO1, often 
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Abstract
1. DNA barcoding aids in rapidly identifying specimens in various contexts by 

comparing short stretches of DNA to a reference database. Barcoding initiatives 
generate large reference databases of carefully curated high- quality sequences 
to maximize identification success.

2. BarKeeper provides a flexible tool for barcoding initiatives and in the context of 
phylogenetic studies to foster shared work on large datasets of raw sequence 
and associated metadata. It is free, open- source and available as a set of Docker 
containers for easy setup. After setting it up once, all project members can use 
it independently of their operating system or location.

3. BarKeeper offers features to collect and manage data and metadata about speci-
mens, taxa and DNA sequences from Sanger sequencing and high- throughput 
sequencing (HTS) technologies. It provides excellent flexibility by not being re-
stricted to specific markers or taxon groups. Users can view and edit records 
and associated metadata while the app assists them by trimming and assembling 
reads. It automatically checks the quality of generated barcodes with a taxonomy- 
based tool and offers a wide range of options for data analysis. Extensive search 
features allow querying the database for specific groups of records and saving the 
search results in the user's profile or downloading them in various file formats.

4. BarKeeper combines multiple tools to aid barcoding projects in every step, from 
a reference taxa list to finished barcode sequences, thereby minimizing the num-
ber of laborious, potentially error- prone manual steps and enabling efficient col-
laborative workflows.
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down to the species level (Ahmed et al., 2022; Hebert, Ratnasingham, 
et al., 2003; Meyer & Paulay, 2005). In plants, mitochondrial genes 
evolve slower and barely show substitutions between closely related 
species. Markers from the plastid and/or nuclear genome are, there-
fore, better suited for plant barcoding due to their higher levels of se-
quence variation (Hollingsworth et al., 2011). To achieve identification 
success rates comparable to CO1 in animals, plant barcoding initiatives 
usually use a combination of two or more marker regions (Geiger 
et al., 2016; Hollingsworth et al., 2016; Korotkova et al., 2011), while 
a universally agreed- upon set of marker regions still does not exist 
for plants (Hollingsworth et al., 2016; Kolter & Gemeinholzer, 2021; 
Shneyer & Rodionov, 2019). In fungi, the ITS region of the nuclear ribo-
somal DNA serves as a standard. However, a lack of resolution in some 
lineages and hybridization currently lead to the inclusion of other ge-
nomic regions as barcode markers (Lücking et al., 2020).

As some markers reach aligned lengths of up to 2500 nucleo-
tides (Korotkova et al., 2011), compiling reference data from all pos-
sible markers per taxon is more challenging for these taxa than for 
animals. Even Sanger- sequenced barcoding markers require automa-
tion for an efficient assembly of multiple reads instead of merely 
manual editing and curation; for high- throughput sequencing (HTS) 
approaches, an entirely algorithmic assembly is without an alterna-
tive. Sequence data diversity paired with the enormous breadth of 
organismal complexity of projects engaging in plant or fungal bar-
coding demands exceptionally high flexibility regarding data storage, 
processing and assembly tools.

A suitable barcoding platform should be versatile enough to be 
tailored to the specific needs of the barcoding project using it and 
ideally provide a collaborative platform to work on the same data-
sets from multiple locations. To make use of existing resources and 
archives, the tool should be able to retrieve information from other 
databases and deliver resulting barcodes to a central reference da-
tabase. Communication between the various databases requires the 
support of data standards for both updating data from and publish-
ing data to external services.

To assure the highest possible quality of the provided sequences, 
built- in quality control is essential for a barcoding tool. First, users 
should be able to look at, edit and verify the results of all auto-
matic sequence assemblies. Second, all sequences should undergo 
a regular taxonomy- based check to systematically find problematic 
barcode sequences, such as contamination during the laboratory 
workflow or misidentifications of the specimens under study.

Previous shortcomings of HTS technologies, such as short read 
lengths or high error rates, are now compensated by the circular 
consensus sequencing (CCS) technique, during which base calls are 
reanalyzed from multiple readthroughs (Quail et al., 2012; Rhoads 
& Au, 2015). With up to 200,000 CCSs generated per run, costs for 
this technique are substantially lower than for Sanger sequencing. 
Furthermore, since every molecule in a DNA extract is represented 
by one CCS readout (Hebert et al., 2018), analysing mixed samples in 
a single run, as done in metabarcoding studies, becomes possible and 
straightforward. A versatile barcoding application, therefore, should 
enable users to efficiently exploit the advantages of all sequencing 

technologies in that it reliably handles the resulting data from both 
Sanger and HTS platforms without losing quality and robustness.

To meet all these requirements, we developed the BarKeeper 
application. Its features are helpful for larger DNA barcoding initia-
tives, especially those focusing on non- animal groups and data com-
pilation in the context of phylogenetic studies.

2  |  MATERIAL S AND METHODS

2.1  |  Basic implementation

BarKeeper is based on Ruby on Rails (versions 2.7 of Ruby and 5.2 of 
Rails) as its primary development framework, with PostgreSQL (ver-
sion 14.1) as a database management system. PostgreSQL provides 
numerous valuable features like support for array and hash data 
types as attribute values, performant full- text search and material-
ized views. Pages in BarKeeper are rendered server- side, with some 
components refreshed via Ajax without needing page reloads. More 
graphic- heavy and/or highly interactive view components are ren-
dered entirely via JavaScript, using frameworks such as jQuery (ver-
sion 1.12.4) and d3.js (version 5.4). More computationally intensive 
processes like assembling more than four primer reads or uploading 
pherogram data are run in the background using Sidekiq and Redis to 
allow users to continue working during their execution.

The app and its dependencies can be installed on a self- 
administrated server to guarantee maximum flexibility and control 
over the stored data. After this setup, all project members can use 
it via a web browser without the need to install the software them-
selves. BarKeeper can be obtained as a set of connected Docker 
containers, so project managers will need little skills in server admin-
istration to install the app and customize it to the project's specific 
needs.

2.2  |  Main features

Users can import or manually enter any number of taxa and create a 
hierarchy among them. An interactive tree view allows navigating to 
or searching for specific taxa and quickly accessing related database 
entries.

BarKeeper allows for any number of specimens (herbarium spec-
imens or tissue samples) to be linked to each taxon. DNA sequences 
generated for a marker region from an isolate (barcode sequences) 
are associated with the isolate of this specimen, always reflecting 
potential changes in the taxon concept or nomenclature (Figure 1).

BarKeeper offers components of a classic laboratory information 
management system (Figure 1). Users can add information about 
markers and primers used in the project, tissue types of sampled 
specimens, labs partaking in the project and equipment like freezers, 
racks and plates.

Similar to a typical field information management system, users 
can manually add specimen metadata or obtain it from external 
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databases if an appropriate ID is provided. In the current version 
of the app, this is possible with information stored in the GGBN 
data portal of the Berlin Botanical Garden and Museum (BGBM; 
Droege et al., 2014) and the BioCASe collection data access services 
(Holetschek et al., 2012).

For taxa, primers and isolates, users can import more extensive 
lists of records from table format files in CSV or XLS format or add 
data manually. Template files on how to structure tables for batch 
import can be downloaded within the app. For each isolate, unlimited 
Sanger sequencing reads can be imported as SCF or AB1 files. If read 
data uploads comply with the app's naming conventions, BarKeeper 
will automatically extract information about the used primer and the 
isolate. BarKeeper will then assign the sequences either to an existing 
contig or create a new one. Reads are automatically trimmed accord-
ing to a configurable set of parameters describing the quality of the 
base calls. If necessary or preferred by the user, it is also possible to 
trim reads manually and edit single base calls using a detailed view 
of the pherogram and read sequence (Figure 2a). This view shows 
the trimmed regions, single base calls and the quality (Phred score) 
per base.

BarKeeper will automatically assemble all trimmed reads into a 
contig unless the user indicates otherwise (Figure 1). More time- 
consuming or multiple assemblies will run in the background in a 
separate process while users can continue working with the app. 
Smaller, single- locus assemblies from Sanger data run directly. The 
app uses a semi- global variant of the Needleman- Wunsch algorithm 
for Sanger read assembly. If necessary, the default parameters used 
for an assembly can be adjusted for each contig.

Contigs can be viewed alongside all associated reads in a single 
browser window. If necessary, reads can then be edited further, re-
sulting in an automatic re- assembly of the contig. Within the contig 
view, users can change the order of the displayed reads for better 
visualization of overlap regions, include or exclude reads from an as-
sembly, or open a more detailed view for any of the included reads 
(Figure 2b).

Users can approve (verify) a contig if they are satisfied with its 
quality. Consequently, a marker sequence will be created or updated 
that reflects the consensus sequence of the contig. This sequence 
represents the final barcode, which can be downloaded, used in fur-
ther analyses, or uploaded to an external reference database. Within 

F I G U R E  1  Simplified app structure of 
BarKeeper. Colour- coding distinguishes 
data types (blue boxes) from processes 
(yellow boxes) of the app. Arrows 
indicate the direction of interactions. 
Users can upload information about 
markers, primers, DNA isolates, taxa and 
specimens manually or via spreadsheets. 
Taxonomic information can also be 
automatically retrieved from certain 
databases. The app will automatically 
attempt to assemble uploaded Sanger 
sequencing reads to create contigs. These 
can then be manually edited and verified. 
Barcode sequences are generated 
from verified contigs and are regularly 
checked for potential taxonomic mislabels 
automatically. Finished sequences can be 
viewed or downloaded. Raw HTS data will 
be processed by the app by first splitting it 
by plate and performing extensive quality 
filtering, then assigning sample IDs based 
on barcodes (tags) and primers and finally 
clustering the sequences and performing 
a BLAST search to confirm the assigned 
taxonomic label.
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the app, the barcode will be included in an interactive diagram show-
ing the project's progress. Should a user discover that a contig needs 
refinement, verification can be undone? The app tracks the users' 
verification activities.

All newly created marker sequences will be periodically checked 
for possible issues in a taxonomy- based mislabel check. This taxon-
omy cross- check relies on the SATIVA algorithm (Kozlov et al., 2016), 
which builds a phylogenetic tree from all approved marker sequences 

F I G U R E  2  (a) Sanger read view. Users can examine a read, including a detailed view of the pherogram and base call qualities. Single base 
calls can be edited, and the read can be trimmed manually, if desired. Parameters for automatic trimming and assembly can be changed here. 
(b) Contig view. Users can view the assembled reads and get information about the read's status. Users can modify the display order of the 
reads in a context menu. A more detailed view of each read can be opened either in the same browser window above the contig view or in 
a new tab. Clicking on a specific base will open the detailed view directly at its position. Potential issues with taxonomic labeling implicated 
during the regular taxonomy- based analysis will be highlighted in this view for both contigs and original reads.
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and conducts a systematic leave- one- out analysis to evaluate the 
taxonomically- conformant placement of a sequence in the tree. 
Misplaced sequences will be tagged and highlighted accordingly. 
Incongruences can result from contamination of DNA samples or 
other problems in the experimental workflow. If multiple sequences 
per isolate show placement issues, BarKeeper will tag the associated 
isolate and specimen, prompting users to check for potential speci-
men misidentifications underlying the problematic taxonomic label. 
Users can then review the problematic sequences and associated re-
cords and either make changes to the data or mark the issues solved 
without making changes, for example, in case of a false- positive 
SATIVA result.

All table views in the app can be thoroughly searched and 
sorted by all columns. In addition to this quick local search, a 
global search across all record types is available. Contigs, marker 
sequences and specimens can be simultaneously filtered by 
several criteria, such as sequence length, associated taxa, ver-
ification status or presence of any issues. Users can save those 
searches, resulting in “smart lists” whose contents will be updated 
continuously.

Search results for marker sequences and contigs can be down-
loaded in FASTA or PDE (the native format of the alignment editor 
PhyDE, Müller et al., 2010) format. Contigs can be downloaded as 
an archive file containing associated Sanger read data in SCF or 
AB1 format. Furthermore, lists of all taxa and specimen data, in-
cluding associated marker sequences, can be downloaded in CSV 
format.

BarKeeper supports communication with the GGBN data por-
tal of the BGBM (Droege et al., 2014) via their BioCASe Provider 
Software. For isolate IDs found in this database, the app will auto-
matically fetch information about these isolates and the associated 
taxa, herbarium specimens and tissue samples.

2.3  |  High- throughput sequencing data handling

The built- in HTS barcoding pipeline accepts as input HTS data in 
FASTA, FASTQ, or BAM format and tar archives containing files in 
those formats. Uploading these data is possible by providing a local 
path or WebDAV address. Users can upload additional files speci-
fying sequence IDs, amplicon primers, tags and indices, if multiple 
tagged plates were run. HTS data are processed in the background, 
either locally or on a connected, more powerful server.

HTS data processing consists of three significant steps: (i) data 
pre- processing, including extensive quality filtering, (ii) demultiplex-
ing and data sorting and (iii) taxonomic assignment (Figure 1). Before 
starting an analysis, users can supply target taxa. Each centroid se-
quence is used in a BLAST search against Genbank to add a taxo-
nomic assignment to the cluster. Should this taxonomic assignment 
not match the target taxa provided by the user, this cluster will be 
flagged for manual review. Additional run statistics, such as the num-
ber of high- quality sequences or the number of taxon clusters, can 
also be reviewed inside the app.

2.4  |  Miscellaneous features

Admin users can create unlimited projects within the app and as-
sign records such as lab and taxonomic data and user accounts to 
those. All users can filter the entire app content by any project to 
which they have been assigned; the currently selected project can 
be set within each user's profile. This filtering affects all tables and 
diagrams. The project structure itself can be used to organize re-
cords belonging to different subprojects. Furthermore, users can 
be assigned specific responsibilities, like taxonomic or experimen-
tal work. Such an assignment influences the types of records users 
can access, newly create, edit or delete. Guest users only have the 
right to view records. Only admins can manage users, projects and 
responsibilities.

BarKeeper can run more computationally intensive jobs on a 
more powerful external server, like taxonomy- based quality con-
trol or HTS data handling. This configuration allows users to set up 
the app itself on a machine with limited computational capabilities, 
which is particularly useful if resource- intensive jobs are run rela-
tively infrequently.

3  |  RESULTS AND DISCUSSION

BarKeeper was created to meet the needs of plant barcoding in a sin-
gle, web- based application and thereby poses a flexible and power-
ful solution for barcoding initiatives and research groups engaging in 
phylogenetic research. It does not restrict the number or type of used 
markers. This feature distinguishes our app from other tools, like the 
Barcode of Life Data Systems (Ratnasingham & Hebert, 2007), which 
are limited to specific barcoding markers.

BarKeeper allows users to collect, store and manage biodiver-
sity data concerning their collected specimens and target taxa. 
Although other software products like the Diversity Workbench 
(Triebel et al., 1999; Weibulat et al., 2013) also provide this func-
tionality, they do not model associated molecular data. BarKeeper 
offers extensive options for assembling and working with Sanger se-
quencing reads and HTS data. This feature is similar to what can be 
found in software specifically focusing on this, like Geneious (Kearse 
et al., 2012), while also allowing users to manage laboratory or taxon 
information connected to the stored molecular data.

By combining these features, BarKeeper covers all steps from 
generating reference taxa lists and collecting specimens over gen-
erating molecular sequences and DNA barcodes, in addition to 
regular checks of sequence quality and correctness of taxonomic la-
bels. Admin users can structure the data and users by creating sub- 
projects and assigning user roles to grant specific access and editing 
rights based on the project's demands.

All features of BarKeeper rely on a single underlying database 
structure. Therefore, its functions interact and interconnect seam-
lessly without additional tools or programs. As a result, workflows 
become more efficient while reducing data loss, for example, due 
to file format conversions. Since BarKeeper is based on open web 
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technology, users can use it on every device capable of running a web 
browser, independent of the operating system. Setting BarKeeper up 
is possible on any machine with Docker installed and only needs to 
be done once to allow all project users access to the web application.

BarKeeper is released under the terms of the GNU Affero General 
Public Licence (AGPL 3) and can be used by any group of researchers 
free of charge; costs apply only to maintaining server infrastructure. 
Having all components on self- managed infrastructure ensures full 
control over critical and sensitive research data.

3.1  |  Usage in GBOL

Initially, the application presented in this paper was developed in the 
context of the GBOL5 project, a sub- project of the German Barcode of 
Life initiative aimed at barcoding German land plant species. The website 
https://gbol5.de shows the app's current state as used in this project.

As more features were added, it quickly became apparent that 
other researchers could benefit from a similar app. Therefore, the 
code was refactored to be less project- specific and more widely ap-
plicable. Finally, as described in this paper, the resulting app code 
and its dependencies were combined into a set of Docker containers.

A demo application of BarKeeper is available at http://barke eper.
uni- muens ter.de/. The credentials for a test user account are user@
example.com, with the password being “barkeeper2022”.

3.2  |  Future development

BarKeeper is under active development. Next to minor changes and 
improvements to ensure a stable functionality and satisfying user 
experience, we will add more tools to work with the generated bar-
coding data, such as statistical evaluations of intra-  versus infraspe-
cific variability and sizes of barcoding gaps.

With the ever- increasing significance of HTS data in barcoding 
studies, new features to deal with different raw input data will be-
come necessary. An important question is how marker sequences 
can be generated from read populations and if that is the best strat-
egy. Future reference databases might also contain read populations 
against which sequence data can be queried.

Users who want to join the development process and add cus-
tom features can retrieve the app code from GitHub. The app code 
includes a test suite covering unit and integration tests to ensure 
future updates to the code will not break existing functionality.
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