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Abstract

Land managers, researchers, and regulators increasingly utilize environmental

DNA (eDNA) techniques to monitor species richness, presence, and absence.

In order to properly develop a biological assay for eDNA metabarcoding or

quantitative PCR, scientists must be able to find not only reference sequences

(previously identified sequences in a genomics database) that match their target

taxa but also reference sequences that match non-target taxa. Determining which

taxa have publicly available sequences in a time-efficient and accurate manner

currently requires computational skills to search, manipulate, and parse multiple

unconnected DNA sequence databases.

Our team iteratively designed a Graphic User Interface (GUI) Shiny applica-

tion called the Reference Sequence Browser (RSB) that provides users efficient

and intuitive access to multiple genetic databases regardless of computer pro-

gramming expertise. The application returns the number of publicly accessible

barcode markers per organism in the NCBI Nucleotide, BOLD, or CALeDNA

CRUX Metabarcoding Reference Databases. Depending on the database, we

offer various search filters such as min and max sequence length or country of

origin. Users can then download the FASTA/GenBank files from the RSB web tool,

view statistics about the data, and explore results to determine details about the

availability or absence of reference sequences.
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Introduction
Environmental DNA (eDNA) is an emerging field that has helped answer questions in several disciplines, including

molecular ecology, environmental sciences, conservation biology, and paleontology (Seymour, 2019; Thomsen and

Willerslev, 2015). eDNA techniques are advantageous to traditional monitoring due to their non-invasive nature, abil-

ity to monitor aquatic communities, and the relative ease of training field workers.

Environmental DNA workflows begin with acquiring samples from the environment under study so that genetic mate-

rial can be extracted and then analyzed with various forms of Polymerase Chain Reaction (PCR) assays (Thomsen and

Willerslev, 2015). Depending on the specific goals of the study, eDNA primers are designed at varying levels of taxo-

nomic inclusivity, often using either taxa-specific quantitative PCR (qPCR) or DNA metabarcoding PCR. Taxa-specific

qPCR uses eDNA to detect a single targeted taxon, while eDNA metabarcoding aims to assess taxa richness.

Both qPCR assay design and taxonomic assignment in metabarcoding depend heavily on the “availability of DNA ref-

erence sequences in public data facilities (e.g., National Center for Biotechnical Information (NCBI), The Barcoding Of

Life Data System (BOLD))” (Andersen et al., 2016). Reference sequences are pre-labeled sequences of DNA that allow

researchers to either identify the unlabeled DNA they collect during their studies or design new species-specific primers

for qPCR (Klymus et al., 2022). However, high-quality reference sequences are unavailable for many organisms, which

has become a key factor limiting the broad application of eDNA techniques (Nagarajan et al., 2022). As such, screen-

ing genomic databases (e.g., NCBI Nucleotide and BOLD) or personalized reference sequence databases such as CRUX

(Creating Reference Libraries Using eXisting tools) (Curd et al., 2019) for reference sequence availability and gaps is

essential.

Additionally, detecting the absence of reference sequences is not the only challenge that eDNA scientists face. Through

our own experience and interviews conducted with over 70 scientists (see Acknowledgements), we found that down-

loading the potentially thousands of sequences needed to create personalized reference databases is a tedious task for

both new and experienced labs. Using the official websites for sequence databases, like NCBI Nucleotide or BOLD,

to manually search for and download quality sequences can take days. Some researchers avoid this time consuming

process by writing scripts but not all researchers possess those skills.

Completing both tasks in a time-efficient and accurate manner requires computational skills to search, manipulate,

and parse multiple DNA sequence databases. Ecologists, however, often need more training in this area. For example,

in California, most (74 - 80%) University of California and California State University undergraduates in ecological and

environmental sciences had no formal training in programming skills in any language (Hernandez et al., 2012). Bioin-

formatic assessments of large genetic databases can be challenging and time-consuming for classically trained ecologists

and may result in bioinformatic work becoming a study expense and delaying the project.

To address these issues, we built the Reference Sequence Browser (RSB), a Graphical User Interface (GUI) tool that

allows researchers to perform customized batch searches and downloads for reference sequences on the following pub-

licly available databases: NCBI nucleotide, BOLD, and CALeDNA CRUX databases for metabarcoding (Winter, 2017;

Chamberlain, 2021; Curd et al., 2019). Those interested in a simple but powerful way of viewing and downloading

reference sequences from multiple genomics databases for one or multiple organisms and barcoding loci simultane-

ously will find that this tool saves time and provides insight into reference sequence availability and gaps. With the

RSB, researchers can efficiently develop qPCR assays, determine the efficacy of particular barcoding markers to match

an eDNA project’s objective, and engage in more deliberate and specific sequencing efforts to address gaps in reference

sequence availability.

Methods

Operation
The RSB is a Shiny GUI app (Chang et al., 2023), which is available online at http://shiny.eeb.ucla.edu/
BlueWaltzBio/Coverage/ or for download at https://github.com/SamuelLRapp/BlueWaltzBio. RSB uses

the rentrez and bold CRAN packages to access the live NCBI and BOLD databases respectively and the Taxize package

for some ease-of-use features. The app then visualizes the output using the shiny, ggplot, and plotly packages.

Alternatively, the application can be installed locally. This has been tested for Windows, Mac-OSX, and Ubuntu. The

tool uses R version 4.1.2. To install the app, download the zip file found here https://github.com/SamuelLRapp/
BlueWaltzBio/releases/tag/v0.1-beta.0 and then execute the script “rsbPackages.R” to install the correct ver-

sions of the required libraries. After that, the app can be run by opening an R console in the directory where the zip file

was extracted and executing the command “shiny::runApp(’Coverage’)”. A complete list of our app’s package depen-

dencies can be found in “rsbPackages.xlsx” in the zip file above and this paper’s “References” section.
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Input File Structure
All search tabs use the same CSV file format for uploading large inputs. There are two columns: “OrganismNames” and

“Barcodes”. Every search tab uses the “OrganismNames” column, but “Barcodes” is only used by the NCBI Nucleotide

search tab. Every pairing of entries in the “OrganismNames” and “Barcodes” columns will be searched for, so the two

columns do not need to have the same number of elements. Figure 1 shows an example.

Figure 1. CSV format for uploading large inputs using the sample dataset.

Implementation

0.1 General Features and Workflow:
The GUI is split into different tabs for each reference database, which the user can select by clicking on the respective

tab at the top of the application window. Regardless of which database the user will be querying, the general workflow

remains the same. Users will first be presented with a screen allowing them to upload a formatted CSV file with their

query specifications (see the “Operation” section to learn more about the CSV file template). While uploading a CSV file

is optional, we highly recommend using this feature when doing large or expansive searches. Afterward, the RSB will

present users with a screen where they may manually adjust their search parameters. After running a search, the app

will display a table summarizing the results, and a list of download buttons will be present for the user to selectively

download either the sequences or any metadata they will need for use with external bioinformatics tools.

Users can also select whether they want to apply the taxize CRAN package’s autocorrect feature to their list of or-

ganisms of interest. Instead of overriding the user’s original input information, the tool will append any corrections to

the user’s list of organisms. For more information about how taxize’s corrections work, see the taxize CRAN package

documentation (Chamberlain et al., 2020).

Additionally, a tabular summary of the search results can be downloaded from any of the three database tabs, al-

lowing users to view statistics about the overall quantity of data in each given reference database that matches their

queries. These tables help users to quickly notice any missing information they may need for their study, and how

overrepresented or underrepresented certain organisms or barcodes are in the search results. The rows of the summary

table represent the various barcoding loci. The four columns of the table are the number of sequences found for this

barcode, the percentage of all sequences found from the user’s search that this barcode accounts for, the number of

organisms that have at least one sequence for this barcode, and the number of organisms that have no sequences for

this barcode. Figure 2 shows an example of a summary table
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Figure 2. Example of the CRUX summary table as shown in the RSB Shiny app. All summary tables across databases

have the same behavior and formatting.

While the summary tables are appropriate for seeing aggregated statistics about the search results of a user’s query, the

RSB also provides a more detailed view of a user’s search results via the Coverage Matrix. The Coverage Matrix is a

table that allows users to see how much of their needs can be “covered” by the data in the database they are querying.

Each row of the table corresponds to an organism name, each column corresponds to a barcoding loci, and each cell

displays the number of sequences found for the given organism-barcode pair. This layout allows the user to quickly scan

for zeros or other low numbers in the table and understand where there are currently gaps in the sequence information

publicly available to the eDNA community. After any search, users can download the Coverage Matrix (in future sections

abbreviated as “CM”) and the summary table.

0.2 CRUX database specific features
The CRUX database search tab aims to identify the level of representation of a user-defined set of organisms in the public

CALeDNA reference databases. This feature may be used by either scientists interested in using the public CALeDNA

reference database or parties interested in working with CALeDNA scientists to conduct a study. The site displays the

taxonomic resolution and reference sequence abundance available within the CALeDNA databases for different organ-

isms, which informs the user of how well the databases may fulfill the needs of their study. The databases were created

by running the CRUX Pipeline, part of the Anacapa Toolkit (Curd et al., 2019), on a snapshot of the NCBI Nucleotide

database in 2019.

The CM for the CRUX database search tab is slightly different from the other CMs in the tool. The rows still repre-

sent an organism, but the columns represent one of the public CRUX databases, and values in the table may not always

be numbers. When the tool does not find direct matches in a database, it will instead search for higher taxonomic ranks

of that organism until it finds a match. If the RSB performs lower-resolution searches it will output the rank at which

it found a sequence instead of displaying a numerical value. The tool works its way up the following taxonomic ranks:

species, genus, family, order, class, phylum, and domain.

The cells of the outputted table will show one of the following:

1. The number of sequences in a database, if direct matches are found.

2. If no direct matches exist, the next most specific taxonomic rank for which sequences exist.

3. “0” if nothing is found at any taxonomic rank.
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Figure 3. Example of the CM in the CRUX database as shown in the RSB Shiny app

For example, in the CRUX CM shown in Figure 3, there are no sequences for Canis lupus in the PITS database at the

genus-species level. Therefore, the tool would search for any sequences belonging to the genus Canis. These sequences

are also not present in the database, so it would search for any sequences from the family of Canis lupus, Canidae. It

keeps going up in taxonomic rank until it finally finds a sequence belonging to the Canis lupus phylum, Chordata. Thus

the word “phylum” is displayed in that cell of the CM.

0.3 NCBI Nucleotide database specific features
The NCBI Nucleotide search tab allows the user to both examine the quantity of existing sequence data for any set

of organism names and barcodes and also quickly download those sequences. Unlike the other tabs, this tab allows

users to specify which barcode loci they want to search for. As with the organism names, this information can be input

either through the CSV file that users can upload or by manually typing any barcode names into a textbox provided

in the GUI (See “General Features and Workflow” section for more details). We also provided buttons on the GUI that

add groupings of commonly used barcodes and any alternate names they may have to the search (see the “Discussion”

section for more information).

By default, the tool will only search for sequences by matching against the “ORGN” and “GENE” Genbank metadata

fields. Using this setting may lead to the user finding fewer sequences than what truly exists in NCBI Nucleotide. There-

fore, we provide the option to toggle between metadata searches and full-text searches. Due to the inherent inaccuracy

of full-text searches, we recommend that users only switch to full-text searches when metadata searches return too few

sequences for the needs of the user.

However, the tool can still find entries in NCBI Nucleotide that include sequence data outside the user’s requested

barcodes. False positives can occur because full mitochondrial genomes or other large sequences often have their meta-

data labeled with all barcode loci contained within the sequence. To filter out these large sequences, we provide an

optional feature that lets users specify a minimum and maximum base pair length for each barcode sequence. Figure 4

shows the UI elements through which the user can specify minimum and maximum sequence lengths for their query.

Once the search is complete, the CM and the summary table will be visible, as described in the “General Features and

Workflow” section above. If the user wishes to view the exact search queries sent to NCBI to get these results, a few

examples are displayed below the CM (as shown in Figure 6). The user can download a CSV file containing the complete

list of search queries by clicking a button below the table. The contents of the CSV file follow the same dimensions as

the CM. There is also a button for downloading the CM table as a CSV file for usage in external tools or storage. Figure 5

& Figure 7 show the CM and the CSV file representation of the CM respectively. Figure 6 & Figure 8 respectively show
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Figure 4. Example of NCBI number range inputs for the user to specify the sequence length (minimum and maximum)

for each barcode as shown in the RSB Shiny app

examples of the short list of NCBI search queries and the CSV file containing all of them. These queries can be taken

directly into NCBI Nucleotide web portal to get the same results we present.

Two additional download buttons also exist for retrieving the .fasta and .genbank file contents associated with each

sequence. Currently, the tool only supports downloading all the fasta sequences into one file. However, in the future,

we intend to give users the option of either downloading one file or separating the sequences into different files by

barcode.

0.4 BOLD database specific features
The BOLD (Barcode of Life) pipeline of the Reference Sequence Browser screens the BOLD database for genetic barcode

coverage. At the beginning of the pipeline users can upload a CSV file containing all the species they wish to search.

They may instead manually input this list, as described in the “General Features and Workflow” section above. Once

inputted, the application will search through the most up-to-date version of the BOLD database using the BOLD Systems

API Package for R (Chamberlain, 2021). Once the search is complete, the users will see a list of all species of interest not

found in the database. This list will help quickly check whether the species of interest have reference sequences in BOLD.

Next in the pipeline is the filter tab, which allows users to manipulate the results gathered by filtering the results

by country of origin and giving the option to remove any entries also present in NCBI Nucleotide. This allows users to

avoid downloading duplicate FASTA files between BOLD and NCBI Nucleotide. All subsequent tables and visualizations

depend on this filtering, which can be updated by returning to the filter tab at any time. This way, users can adjust their

filters to gather more or fewer sequences as they see fit.

Once the search is complete, the app will first produce a CM and summary table as described in the “General Fea-

tures and Workflow” section above. This data depends on both the results gathered from BOLD and also the filters the

user selected. Additionally, the app provides users with buttons to download the CM, summary table, and the associated

FASTA files. Afterward, the RSB presents various tables and graphs in the “Country Data”, “Plot Total Sequences per

Country”, and “Plot Unique Sequences per Country” tabs to help users analyze the data and fine-tune their filters.

In the “Country Data” tab, there are two main tables. The first table has organism names as rows and countries as

columns, and each intersection of a row and column shows how many records are in the BOLD database. The second

table only displays information when some of the user’s species of interest are absent in all selected countries. When

this happens, the organism names are rows and the three columns show the top three countries with the most sequences

for that species, ordered from highest to lowest. The purpose of the first table is to provide the user with a breakdown

of which countries their sequences are coming from, while the second table suggests additional countries to add to the

filter when the current list of selected countries has no sequences for some of their target organisms. The user can

download either table by using the buttons below them. Figure 9 & Figure 10 display these two country data tables.
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Following these two tables, we provide two plots in the “Plot Total Sequences per Country” and “Plot Unique Sequences

per Country” tabs to visualize the geographic distribution of the data. The first plot is a treemap that provides a graph-

ical representation of the distribution of the sequence record amongst the selected countries. The second plot is a bar

graph that shows the number of unique species per country. Each of these plots also has a download button to save

them. Figure 11 shows an example of the treemap, while Figure 12 shows an example of the bar graph.

Finally, there is a table of BOLD entries with unlabeled barcodes. For each organism where this is the case, we display

a list of BOLD UIDs so that users may explore these results further by searching in BOLD and looking at the sequences

themselves. The rows are the organisms, and the only column displays the list of IDs. The tool also provides a button

to download this table at the bottom of the page. Figure 13 displays an example of this table. In our experience, entries

in this table have no sequences.

Discussion
Screening of and access to available reference sequences is necessary for the development of new quantitative PCR

(qPCR) primers, to understand the efficacy of existing primers, and to understand gaps in what taxa can be identified in

eDNA samples for given DNA barcodes. However, access to reference sequence information for the numerous organisms

eDNA scientists hope to detect or exclude via primer design requires learning bioinformatic skills or investing large

amounts of time into manual searches. With the RSB, users can easily screen NCBI, BOLD, and the public CALeDNA

CRUX databases for reference sequence availability and download sequences for numerous organisms at multiple DNA

barcodes. Therefore, users can generate deduplicated up-to-date local sequence databases from the combined pools of

BOLD and NCBI for primer design by using the NCBI filter in the BOLD tab. Additionally, summary statistics and other

data visualization features allow users to glean other insights about reference sequence availability. Therefore, this tool

can be used to explore gaps in reference sequence availability and help direct future sequencing efforts and funds. The

RSB GUI bridges the gap between ecologists and computer scientists by providing efficient and intuitive access to NCBI,

BOLD and CRUX databases without requiring any programming.

While the RSB will be very helpful to eDNA scientists of all backgrounds and levels of experience, the tool does have

limitations and space for some improvements. Text searches in NCBI Nucleotide create the possibility of false positives

and negatives, which we attempted to address via the [GENE] and [ORGN] metadata search options. Updating the UI

to better highlight oddities in the data, such as homonyms in organism names, would give users more control over the

quality of their datasets. Additionally, new features, such as the ability to search via higher taxonomic classification and

geographic searches, could open up new use cases. Finally, a great quality-of-life feature would be to change the fasta

download format such that one fasta file was downloaded for each barcode.

Software availability
• A Shiny app, is available at http://shiny.eeb.ucla.edu/BlueWaltzBio/Coverage/

• Source code is available from GitHub: https://github.com/SamuelLRapp/BlueWaltzBio

• Software license (GPL-3)
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Figure 5. Example of the NCBI CM table as shown in the RSB Shiny app.

Figure 6. Example of the NCBI search queries table as shown in the RSB Shiny app.
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Figure 7. Example of the downloaded CSV file containing the NCBI CM.

Figure 8. Example of the downloaded CSV file containing the NCBI search queries.
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Figure 9. Example of the BOLD country data table as shown in the RSB Shiny app

Figure 10. Example of the BOLD Absent country data table as shown in the RSB Shiny app

Page 10 of 15

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 23, 2023. ; https://doi.org/10.1101/2023.09.20.558722doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558722
http://creativecommons.org/licenses/by/4.0/


Figure 11. Example of the BOLD treemap output representing the number of sequences per country as shown in the

RSB Shiny app

Figure 12. Example of the BOLD bar graph output representing the number of unique sequences per country as shown

in the RSB Shiny app
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Figure 13. Example of the BOLD table representing unique entries with unlabeled barcodes, which require manual

searching to determine what the sequences represent as shown in the RSB Shiny app
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