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Abstract 

Objective Adaptive sampling, a nanopore sequencing method that enriches regions of interest (ROI), is cost-effec-
tive and useful. However, the process of defining targeted regions and creating the corresponding definition file (.bed 
file) are time-consuming and laborious. To simplify this process, we have developed a tool to easily create a .bed file 
for adaptive sampling directly from gene names.

Results The tool is freely available on GitHub at https:// github. com/ medic albio info/ BED- Craft. The input is a text 
file containing one or more gene names (symbols), and even with a large number of input genes (e.g., thousands), 
the resulting .bed file is generated in less than a second. The length of the buffer region added upstream and down-
stream of the ROI is designed to account for genome strand orientation, ensuring efficient adaptive sampling. The 
buffer length can also be modified by the user. The tool supports the genomes of human hg19, hg38, T2T-CHM13, 
and other species. For researchers unfamiliar with command-line input, a GUI version of the tool is also available 
at https:// keio- cmg. jp/ BED- Craft/. This easy-to-use .bed file generation tool enables adaptive sampling by easily 
changing the target genes of interest in nanopore sequencing, and provide great benefits to researchers and diag-
nostic laboratories.
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Introduction
Long-read sequencing surpasses short-read sequencing 
in its ability to accurately sequence complex genomic 
regions, such as repeat regions, and to detect genomic 
structural variations. It has significantly contributed to 
the complete sequencing of the human genome by the 
Telomere-to-Telomere (T2T) Consortium [1, 2]. Among 
long-read sequencing technologies, nanopore sequencing 
by Oxford Nanopore Technologies and Single Molecule 
Real-Time (SMRT) sequencing by Pacific Biosciences are 

the most widely used worldwide. In addition to stand-
ard nucleotide sequencing, long-read sequencing can 
also detect methylated base modifications. This capabil-
ity holds promise for applications in disease research, 
including methylation analysis for genomic imprint-
ing disorders and the detection of genomics structural 
abnormalities [3].

For enrichment sequencing of specific regions of inter-
est (ROI), such as cancer genes targeted in cancer gene 
panel testing or coding regions of all genes (for whole-
exome sequencing), the most widely used method is 
to use chemically synthesized capture probes with 
sequences complementary to the ROI. These probes are 
used to isolate targeted DNA, which is then sequenced 
using next-generation sequencing (NGS) [4]. Examples 
of such capture probes include Illumina’s DNA Prep 
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with Exome 2.5 Enrichment, Twist Bioscience’s Exome 
2.0, and Agilent’’ SureSelect Human All Exon probes. In 
contrast, nanopore sequencing allows the use of a tech-
nique called adaptive sampling, which electronically 
enriches ROIs without relying on capture technologies. 
This method involves sequencing DNA in real time as 
it passes through a nanopore protein and mapping the 
sequences to a reference genome. If the DNA contains 
an ROI, sequencing continues; otherwise, the DNA is 
rejected and expelled via reverse voltage, enriching for 
the ROI [5–7]. The advantages of adaptive sampling 
include the elimination of the need for experimental cap-
ture and retrieval of DNAs of ROI. Adaptive sampling 
requires only the electronic definition of ROIs, enabling 
flexible adaptation to different ROIs.

To perform adaptive sampling, a reference genome and 
a .bed file are required. The .bed file is a file that defines 
the sequencing targeted regions containing the ROIs. 
The .bed file follows the Browser Extensible Data (BED) 
format and must contain at least the following informa-
tion: the chromosome number, the start position, and 
the end position of the targeted regions [8]. While the 
positional information for genes within an ROI can be 
obtained from databases such as the National Center 
for Biotechnology Information (NCBI) or the UCSC 
Genome Browser, manually retrieving this information 
for large numbers of genes is a labor-intensive and time-
consuming task. Manually searching for gene names on 
the UCSC Genome Browser to identify gene regions and 
creating a BED-formatted text file is considered a rela-
tively straightforward approach. However, this process 
takes approximately 15  s per gene, and performing this 
task manually for hundreds of genes each time the target 
gene set changes is impractical.

To simplify the time-consuming process of creating 
BED format files, we have developed a tool that allows 
users to easily generate .bed files directly from gene 
names.

Main text
Implementation
We have developed a tool for creating .bed files for nano-
pore adaptive sampling from gene names, which we have 
named ‘BED-Craft’, and have made it freely available on 
GitHub. This tool is written in the Perl programming lan-
guage. For researchers unfamiliar with command-line 
input, a graphical user interface (GUI) version of the tool 
is also available at https:// keio- cmg. jp/ BED- Craft/.

The tool supports three versions of the human ref-
erence genome, hg19 (GRCh37), hg38 (GRCh38), and 
T2T-CHM13, and two version of mouse reference 
genome, mm10 (GRCm38) and mm39 (GRCm39). The 
corresponding gene annotation files for these genomes 

are included within the tool. Gene annotations for hg19 
was obtained from NCBI RefSeq (https:// www. ncbi. 
nlm. nih. gov/ refseq/) and Ensembl (http:// www. ensem bl. 
org/). When genomic coordinates for the same gene were 
available in both databases, the RefSeq data was prior-
itized. For hg38, we prioritized the MANE transcripts as 
defined by the MANE project, a collaboration between 
NCBI RefSeq and Ensembl to unify transcript annotation 
[9]. If a MANE transcript was not available, the annota-
tions from RefSeq and Ensembl were used in that order 
of priority to create the gene annotation file. The gene 
annotations for CHM13 were derived from the data on 
GitHub (https:// github. com/ marbl/ CHM13), we used 
the “JHU RefSeqv110 + Liftoff v5.2” file for the CHM13 
annotations. For mm10 and mm39, the annotation was 
obtained from Ensembl. These annotation files will be 
updated on the Bed-Craft GitHub website when new ref-
erence human/mouse builds are published. Details of the 
latest annotation file versions can be found on the tool’s 
GitHub site. As well as human and mouse, the tool can be 
used for over 200 other various species. How to support 
species other than human and mouse is described below.

The BED-Craft tool automatically adds additional 
regions, called “buffer” regions, to both sides of the 
genomic positions of the ROI when generating a .bed file. 
By default, ± 50  kb are added. The length of the buffer 
can be customized by the user. More details about buff-
ers, refer to the “Results and discussion” section. The sum 
of the ROI and the buffer length constitutes the targeted 
regions, as expressed in the following equation:

Users can perform adaptive sampling on nanop-
ore MinKNOW using the .bed files generated by the 
BED-Craft tool along with a reference genome file of 
the same version. Note, when using the GRCh38/hg38 
reference genome, it is recommended to use a “no-alt” 
reference genome (e.g., “human_GRCh38_no_alt_analy-
sis_set.fasta”, available at “https:// github. com/ Pacifi cBio 
scien ces/ refer ence_ genom es”) to avoid potential adap-
tive sampling problems caused by the inclusion of ALT 
sequences.

If any questions or issues arise while using the tool, 
users can contact us via the “Issues” section on the tool’s 
GitHub repository.

Results and discussion
Usage and target genes size
We have developed a software tool named ’BED-Craft’ 
that generates  .bed files for nanopore adaptive sampling 
using gene symbols as an input file. Workflow for generat-
ing .bed files from gene names using BED-Craft is shown 
in Fig.  1. The BED-Craft tool enables easy exchange of 

ROI + Buffer = Targeted_regions.

https://keio-cmg.jp/BED-Craft/
https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/refseq/
http://www.ensembl.org/
http://www.ensembl.org/
https://github.com/marbl/CHM13
https://github.com/PacificBiosciences/reference_genomes
https://github.com/PacificBiosciences/reference_genomes
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gene sets to perform adaptive sampling. For example, by 
referencing Genomics England’s PanelApp [10] (https:// 
panel app. genom icsen gland. co. uk), gene sets tailored to 
a patient’s phenotype can be used for sequencing and 
analysis, facilitating rapid personalized genetic testing. 
There is no limit to the number of genes in the input file; 
however, Oxford Nanopore Technologies recommends 
that the total size of the target regions, including buffer 
regions, should not exceed 5% of the whole-genome 

length [7]. In our experience, when using the same flow 
cell under identical conditions, the enrichment efficiency 
(i.e., sequencing depth) was significantly higher when the 
target regions occupied 1% of the genome compared to 
5%. However, when the target size ranged from approxi-
mately 1% to a single gene (~ 0.004% of the genome), the 
enrichment efficiency (sequencing depth) showed no 
significant differences (data not shown). The proportion 
(%) of the ROI and targeted regions, including buffers, 

Fig. 1 Workflow for generating .bed files from gene names using BED-Craft tool

https://panelapp.genomicsengland.co.uk
https://panelapp.genomicsengland.co.uk
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relative to the whole genome is displayed as part of the 
standard output when running the BED-Craft tool.

With the BED-Craft tool, users can generate a BED-
formatted file (e.g., target_gene.bed) by simply typing 
the following command on the command line for a gene 
symbol input file (e.g., target_gene.txt):

(Fig.  2a–c). The tool provides options to specify the 
genome build version (hg19, hg38, CHM13, mm10, 
mm39, or other), the buffer size (from 0 to infinity), and 
whether to include “chr” prefixes in the chromosome 
numbers in the output.bed file (Fig.  2b). By default, the 
genome build is set to hg38, the buffer size to 50,000 
(± 50  kb), and the inclusion of “chr” prefixes to “yes”. 
Further usage examples are described in Supplementary 
Information.

In addition to the command-line version, users can 
also utilize the GUI version (Fig.  2d, https:// keio- cmg. 
jp/ BED- Craft/). Detailed instructions for its usage are 
described in the Supplementary Information.

Buffer size
The buffer size refers to the additional regions added on 
both sides of the ROI, which is set to ± 50,000 by default 
(see Fig. 2c). As shown in the output example, the buffer 
extends the targeted size upstream by 50,000 bases for 
the plus (+, forward) strand and downstream by 50,000 
bases for the minus (−, reverse) strand. In other words, 
the buffer is only added to the 5ʹ-side of the ROI for both 
strands. This approach is based on the fact that DNA 
is always read from the 5’-end. If the starting point of a 
sequenced DNA is within the 5ʹ-buffer region, the sub-
sequent portion of the DNA is likely to contain the ROI. 
However, adding a buffer to the 3ʹ-side is unnecessary 
because DNA reads starting within the 3ʹ-buffer cannot 
include the ROI. This strand-aware and strategic buffer 
addition reduces unnecessary off-target sequencing and 
increases enrichment efficiency for the ROI. If the buffer 
size is set to 0, the targeted regions will only include the 
full-length gene regions defined as the ROI (from the 5ʹ 
UTR to the 3ʹ UTR of the genes). However, reducing the 
buffer size decreases the likelihood of sequencing near 
the edges of the ROIs. Oxford Nanopore Technologies 
recommends setting the buffer size to approximately 
the N10 value of the average sequencing library DNA 
length to optimize enrichment efficiency [7]. If the DNA 
for adaptive sampling is fragmented prior to library 
preparation using tools such as the g-TUBE (Covaris), 
a buffer size of less than 50 kb may be sufficient. In our 
experience, pre-fragmentation often increases the final 

sequencing yield by more than 1.5 times. However, frag-
mentation naturally results in shorter read lengths, which 
can negatively affect the length of haplotype phasing. For 
example, in genomic imprinting studies, such as the one 
we reported on previously [11], it is important to analyze 
methylation in each phased homologous chromosome 
separately. In such cases, avoiding DNA fragmentation 
and prioritizing longer haplotype phasing may be more 
advantageous. In summary, a default buffer size of 50 kb 
is generally recommended. However, when sequencing 
fragmented DNA, a smaller buffer size (e.g., 25 kb) may 
also be appropriate.

Performance characterization
To evaluate the performance of the software, we ran 
BED-Craft on the human genome (hg38) using two input 
file patterns: one containing 100 genes and the other 
containing 20,000 genes. As a result, there was no sig-
nificant difference between the two cases. Therefore, 
we report the results for the 20,000-gene input file. The 
program took 0.12 s from the start of the program to the 
output generation, with a memory usage of 0.019  MB. 
While minor variations may occur depending on the 
target genome or reference version, it is estimated that 
the execution time will be less than 1 s and the memory 
usage stays below 1  MB for the expected usage range. 
This performance evaluation was conducted on a MacPro 
(3.3 GHz Intel Xeon, 12 cores, 2019 model).

Support for other species
For over 200 species other than humans and mouse, 
a program is provided to generate the desired  .bed 
file using Ensembl GTF files. The detailed method is 
described in the Supplementary Information. The GUI 
version of this tool does not support other species, but 
the command line version does.

Verification of proper functioning of adaptive sampling using 
the generated .bed file
The functionality of adaptive sampling with the gen-
erated  .bed file can be verified using the “Read length 
histogram” screen in the nanopore MinKNOW soft-
ware. Typically, adaptive sampling will begin approxi-
mately 5  min after the start of the run with adaptive 
sampling enabled. At this point, DNAs containing the 
targeted regions (ROI  + buffer regions) continue to 
be sequenced, while other DNAs are ejected from the 
nanopore. If adaptive sampling is working correctly, the 
read length histogram in MinKNOW will show a sharp 
increase in short reads (~ 700 bp or shorter) after 5 min 
or more. These short reads correspond to DNAs that 
does not contain the targeted region and are rejected 
after minimal sequencing (Fig. 3a). If 1% of the genome 

https://keio-cmg.jp/BED-Craft/
https://keio-cmg.jp/BED-Craft/
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Fig. 2 Overview of the BED-Craft tool. a Example of an input file. b Examples of commands. c Example of the output .bed file generated 
by the command. d Screenshots of the GUI version of the BED-Craft tool
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is targeted for adaptive sampling, 99% is rejected as off-
target and the DNA is ejected after being sequenced 
for around 700  bp. For regular sequencing without 
adaptive sampling, the frequency of the sequence read 
length distribution does not suddenly drop off around 
1000 bp, and the histogram will have a long tail towards 
long read lengths with a peak at several kilobases or 
more (Fig. 3b). In other words, when adaptive sampling 
is not applied, the read length distribution reflects the 
original library length, resulting in a typical distribu-
tion where reads of several kilobases are most fre-
quently observed, as shown in Fig.  3b. You can check 
whether adaptive sampling works by performing a test 
run using the demo file included in the BED-Craft tool.

Limitations
Gene annotation information may vary depending on 
the database, and the annotation information compat-
ible with this tool is limited. Users may need to create a 
BED format file containing gene location information as 
necessary.

While there is no upper limit on the number of input 
genes in the program, as mentioned above, a target size 
of approximately 1% of the genome is considered rea-
sonable. However, while this program displays the pro-
portion of the target size relative to the genome, it does 
not issue warnings. This is because the appropriateness 
of the target size depends on the user’s specific require-
ments and perspectives, and it is not possible to define 

Fig. 3 A screenshot of “Read length histograms” displayed in the MinKNOW software, comparing cases with and without adaptive sampling. a 
Histogram of reads when adaptive sampling is working correctly. The purple bars represent reads rejected by adaptive sampling, most of which 
fall between 512 and 767 bp. b Histogram of reads when adaptive sampling is not applied. Typically, the peak appears at several kilobases, 
and the shape of the histogram is significantly different from the one shown above. If for some reason adaptive sampling is not working properly, 
the pattern will resemble this histogram. The screenshot image has been modified to improve readability by enlarging only the font portions
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an absolute optimal value. Furthermore, advancements 
in nanopore technology may alter enrichment efficiency, 
potentially leading to variations in the optimal target size 
for adaptive sampling.

This tool extracts the regions of genes registered in 
the public databases without considering the genomic 
sequences contained within the targeted locations. In 
complex genomic regions, such as those with multiple 
similar sequences (e.g., repeat regions or pseudogenes) or 
regions with incomplete reference genome information, 
there is no guarantee that adaptive sampling will always 
succeed.

This tool is specifically designed for nanopore sequenc-
ing. While we plan to provide follow-up updates in 
response to future changes in the nanopore MinKNOW 
version, permanent operational guarantees are not 
provided.

Conclusion
In this work, we have developed an easy-to-use tool to 
generate .bed files from gene names. This tool is expected 
to provide significant benefits to researchers and diag-
nostic laboratories performing nanopore adaptive sam-
pling. In particular, when dealing with a wide variety of 
diseases or gene sets, the tool allows for easy customiza-
tion of targeted genes to suit each sample, enabling adap-
tive sampling with great flexibility and efficiency.
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