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Abstract

Extrachromosomal circular DNA (eccDNA) is a type of circular DNA that exists independently of chromosomes and has
garnered significant attention in various fields, particularly in the context of smaller eccDNAs, which have considerable
roles in gene regulation through various mechanisms. Current methods such as Circle-Seq and 3SEP can enrich small
eccDNAs during sample preparation, but most bioinformatics pipelines remain challenging, exhibiting low accuracy and
efficiency. This protocol describes the detailed workflow of a newly developed bioinformatics analysis pipeline, named
EccDNA Caller based on Consecutive Full Pass (ECCFP), to accurately identify eccDNA from long-read Nanopore
sequencing data. Compared to other pipelines, ECCFP significantly improves detection sensitivity, accuracy, and runtime
efficiency. The process includes raw data quality control, trimming of adapters and barcodes, alignment to a reference
genome, and identification of eccDNA, with detailed results encompassing accurate positioning of eccDNA, consensus
sequences, and variants of individual eccDNA.

Key features

® This protocol provides a beginner-friendly, step-by-step workflow that enables researchers without bioinformatics
experience to successfully execute the entire eccDNA identification process.

e [t offers an efficient computational pipeline for eccDNA detection from Nanopore sequencing data, integrating quality
control, trimming, alignment, and eccDNA identification.

® ECCFP exhibits sensitivity, accuracy, high efficiency, and low false-positive rates compared to existing long-read-
based tools.

Keywords: ECCFP, Extrachromosomal circular DNA, Nanopore sequencing, Rolling circle amplification (RCA),
Bioinformatics
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Background

Extrachromosomal circular DNA (eccDNA) is a type of genetic material that exists independently of chromosomes and is
widely found in eukaryotic organisms [1,2]. Recent studies have highlighted its significant role in various biological
functions, particularly in cancer initiation, progression, and drug resistance [3—6]. In addition, eccDNA varies from tens to
millions of base pairs (bp) in length, where molecules exceeding 10 kb are classified as ecDNA [7]. These large circular
DNA molecules have been identified in over half of all human cancers, primarily using FISH and whole-genome sequencing
(WGS) for validation [8,9]. Current experimental methods developed for the enrichment of small eccDNA, such as Circle-
Seq [10] and 3SEP [11,12], typically identify eccDNA molecules smaller than 10 kb. These smaller eccDNA molecules
have been demonstrated to regulate gene expression through various mechanisms [13].

Both Circle-Seq and 3SEP experimental methodologies utilize rolling circle amplification (RCA). During RCA, DNA
polymerase continually traverses circular templates, producing concatemeric tandem copies (CTCs) [14]. Currently, most
bioinformatics pipelines for eccDNA detection are based on overly strict selection criteria for CTCs [15] and often overlook
the complexities introduced by rolling circle amplification (RCA) and random errors during the sequencing process, which
might result in ghost sequences.

Recently, our group developed a novel bioinformatics pipeline, named EccDNA Caller based on Consecutive Full Pass
(ECCFP) [16], for eccDNA detection from long-read Nanopore sequencing data. ECCFP utilizes all individual sequencing
reads, including ghost and non-ghost sequences, to identify candidate eccDNA molecules. The pipeline then integrates these
candidate eccDNAs and employs the Boyer—Moore majority vote algorithm to accurately determine eccDNA positions and
gather information on circular consensus sequences. Compared to other current pipelines that identify small eccDNA
molecules from long-read sequencing data using RCA amplification, ECCFP combines the strengths of these pipelines and
is optimized specifically for RCA data, resulting in improved sensitivity, accuracy, and operational efficiency.

Briefly, the current signal data from Nanopore sequencing, typically stored in FASTS or PODS5 formats, undergo base calling
through tools such as Guppy or Dorado. This computational conversion transforms the current signal data into nucleotide
sequence data, ultimately producing demultiplexed FASTQ files for downstream genomic analyses. Upon FASTQ
acquisition, initial quality assessment is performed using NanoPlot. Adapter and barcode sequences are then removed with
Porechop, followed by post-trimming quality re-evaluation of trimmed reads using NanoPlot. Trimmed reads require
alignment to a reference genome for sequence mapping. Minimap2 serves as the optimal aligner for long-read data due to
its efficient handling of error-prone sequences. Subsequent eccDNA detection is conducted using ECCFP, which identifies
circular DNA through structural signature analysis of aligned reads. The entire process from Nanopore sequencing data
acquisition to eccDNA identification can be referenced to in the Graphical Overview for clearer understanding. This protocol
details the core bioinformatic workflow for eccDNA detection, encompassing quality control, adapter and barcode trimming,
reference genome alignment, and circular DNA identification. As a computational pipeline, it exclusively addresses
analytical methodologies while explicitly excluding wet laboratory procedures. All sequencing data used are derived from
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public repositories, including Project PRJCA040952 and PRJCA052047 deposited by our group at NGDC alongside datasets
from published studies.

This protocol relies exclusively on open-source software tools that are readily accessible. Furthermore, we provide
comprehensively documented analytical code designed to guide users through the complete workflow from FASTQ
processing to eccDNA identification. This makes the protocol accessible even for researchers without prior bioinformatics
experience.

Software and datasets

Hardware

The analysis was performed on a Linux/Unix system in the following benchmarked configuration:

1. Memory (RAM): 512 GB

2. CPU: 64-bit architecture, 18 cores, 72 threads

Note: This setup demonstrates robust performance for the entire workflow. Hardware specifications can be adjusted based
on data scale and resource availability.

Software

1. Conda (version 24.9.2, https://anaconda.org/anaconda/conda)

2. Python (version 3.12.2, https://www.python.org/downloads/)

3. ECCFP (version 1.0.1, https://github.com/WSG-Lab/ECCFP, MIT License)

4. Porechop (version 0.2.4, https://github.com/rrwick/Porechop, GNU General Public License v3.0)

5. Minimap?2 (version 2.28, https://github.com/lh3/minimap2, MIT License) [17,18]

6. NanoPlot (version 1.42.0, https://github.com/wdecoster/NanoPlot, MIT License) [19]

Note: Conda is used as the package manager and Python as the interpreter. Although there are no absolute version

requirements, to ensure reproducibility of the environment and avoid compatibility issues, we strongly recommend using
the above suggested version combinations.

Software requirements: dependencies

1. numpy (version 1.26.4, https://numpy.org/)

2. pandas (version 2.3.2, https://pandas.pydata.org/)

3. rich (version 14.1.0, https://rich.readthedocs.io/)

4. biopython (version 1.85, https://biopython.org/)

5. pyfaidx (version 0.9.0.1, https://github.com/mdshw5/pyfaidx)
6. pyfastx (version 2.2.0, https:/github.com/Imdu/pyfastx) [20]

Note: Although specific versions are listed for completeness, only minimap2, numpy, pandas, and biopython have strict
version requirements. While version inconsistencies in other tools are unlikely to critically impact results, we strongly
recommend maintaining a consistent software environment to ensure full reproducibility and computational stability.

Data

All sequencing data generated and analyzed in this study are publicly accessible through the National Genomics Data Center

(NGDC) and the NCBI Sequence Read Archive (SRA). Specifically, the NGDC hosts data under project accessions

PRJCA040952 and PRJICA052047 (generated and deposited by our laboratory; access requires an application to the database)
as well as PRJCA010264. Detailed application guidelines for PRJCA040952 are provided in the official documentation

(https://ngdc.cncb.ac.cn/gsa-human/document/GSA-Human_Request Guide for Users_us.pdf) and are not reiterated here.

Data are available from the NCBI SRA under project accession PRINA806866, from which the following four sample IDs

were utilized: SRR18143375, SRR18143376, SRR18143377, and SRR18143378 (Table 1). All analyzed samples originated

from human cell lines. Genomic alignments and subsequent analyses were based on the GRCh38.p14 (hg38) reference

genome assembly obtained from the GENCODE database.
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Table 1. Summary of publicly available sequencing datasets

Project Data_id Sample
PRICA040952 HRR2590080 HepG2 cell
PRICA010264 HRR695439 BGC823 cell
PRICA010264 HRR695440 SGC7901 cell
PRICA010264 HRR695441 GESI cell
PRICA010264 HRR695442 HepG2 cell
PRICA010264 HRR695443 HL7702 cell
PRICA010264 HRR695444 MDA-MB-453 cell
PRICA010264 HRR695445 MCF12A cell
PRINAB06866 SRR18143375 EJM cells
PRINAB06866 SRR18143376 JIN3 cell
PRINAB06866 SRR18143377 APRI cell
PRINAB06866 SRR18143378 APRI cell

Procedure

A. Create the analysis environment

All analyses in this protocol are performed within the Linux terminal, which is used to install software, download data, and
execute computational workflows. This section describes the initial setup of software dependencies and the dedicated Conda
environment required for the analysis.

Conda is used to establish an isolated virtual environment for this workflow, ensuring reproducibility and preventing
software conflicts between projects. To install Conda, visit the official website (https://anaconda.org/), click Download
(usually found in the top-right corner), and select the appropriate installer for your operating system ("Anaconda
Distribution" for full support or "Miniconda" for a minimal installation). After downloading, run the installation script and
follow the prompts to complete the setup (on some systems, execution permissions may need to be assigned to the script
first).

In the command-line instructions below, lines beginning with a “#” are comments that describe the purpose of the
subsequent commands and are not executed by the terminal. The above steps can also be performed via terminal commands.
The commands for a typical installation on a Linux system are provided below:

# Download the Anaconda installation script.

wget https://repo.anaconda.com/archive/Anaconda3-2024.10-1-Linux-x86_ 64.sh
# Make the script executable.

chmod +x Anaconda3-2024.10-1-Linux-x86 64.sh

# Run the installation script.

./Anaconda3-2024.10-1-Linux-x86_ 64.sh

# Verify software is installed.

conda --version

A successful installation is confirmed if the command conda --version returns a version number (e.g., conda 24.9.2). If the
command is not found or an error is returned, review the terminal output from the installation script for specific error
messages to diagnose the issue.

Following a successful Conda installation, an isolated virtual environment named eccfpEnv must be created to manage all
software dependencies for this workflow. All subsequent analyses will be conducted within this activated environment.
Execute the following commands in your terminal:

# Create a new conda environment named 'eccfpEnv'.

conda create -n eccfpEnv -y

# List all available conda environments to verify creation.
conda env list

# Activate the newly created 'eccfpEnv' environment.

conda activate eccfpEnv
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# All subsequent analyses are performed within the eccfpEnv environment
# ====== = = ==

# (Optional) To later deactivate the current environment.
# conda deactivate

Successful creation and activation of the ecefpEnv environment completes section A. For readers who may be unfamiliar
with the Linux operating system, basic command references are available at https://ubuntu.com/tutorials/command-line-for-

beginners#1-overview.

To minimize issues arising from system variations, all subsequent steps will be performed within a standardized directory
structure. The setup is as follows: first, create a directory named “eccfpws” in the user’s home directory to store all
subsequent files and serve as the main working directory. Then, within this directory, create three subdirectories named
“Software,” “RawData,” and “Reference” to store the software tools required by this protocol, the FASTQ sequencing
files, and the reference genome file, respectively. The code used is as follows:

cd ~

# cd: a shell command to change the shell working directory.

# ~: Symbol represents the current user's home directory (typically /home/username
on Linux) .

# The shell command 'cd ~' changes the current working directory to the user's home
directory.

mkdir eccfpws

# mkdir: a shell command to create new directories (make directory).

# This command creates a new directory named "eccfpws" in the current location.
mkdir eccfpws/RawData eccfpws/Reference eccfpws/Software

# This command creates three subdirectories (RawData, Reference, and Software)

# Simultaneously within the eccfpws directory.

cd eccfpws

# This command changes the current working directory to the newly created eccfpws
directory.

B. Software and dependency installation

With the eccfpEnv environment activated, the next step involves installing the necessary software and dependency packages
to proceed with the subsequent analysis. The required dependencies and some software can be installed via Conda or Python.
First, install Python, numpy, pandas, and rich using Conda with the following command code:

# Activate conda environment.

conda activate eccfpEnv

# Install Python packages with specific versions.

conda install -y python=3.12.2 numpy=1.26.4 pandas=2.3.2 rich=14.1.0
# List installed packages to verify installation.

conda list

# Check Python version to confirm successful installation.

python --version

Following successful Python installation, proceed to install the additional packages required for ECCFP operation,
biopython, pyfaidx, and pyfastx, using the following commands in the terminal:

# Install essential Python dependencies for ECCFP.

pip install biopython==1.85 pyfaidx==0.9.0.1 pyfastx==2.2.0
# Confirm package installation.

pip list

After confirming successful installation of all required packages, proceed to install the analysis software. Installation
methods vary considerably between tools: ECCFP and Porechop require installation from GitHub source code; NanoPlot
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can be installed directly through Conda or pip; and Minimap2 is available as pre-compiled binaries on GitHub, requiring
no installation beyond downloading. To maintain organizational structure, execute all following commands within the
previously created eccfpws/Software directory:

# Navigate to the software directory

cd ~/eccfpws/Software

# Install ECCFP from source

git clone https://github.com/WSG-Lab/ECCFP.git

cd ECCFP

conda env update -f environment.yml

pip install

eccfp --help # Verify installation and display help message
# Install Porechop from source

cd ..

git clone https://github.com/rrwick/Porechop.git

cd Porechop

python3 setup.py install

porechop -h # Verify installation and display help message
# Install NanoPlot

conda install -c bioconda nanoplot

# Alternative installation method: pip install NanoPlot
NanoPlot --help # Verify installation and display help message

The installation for Minimap2 differs from the other tools as it is provided as a pre-compiled binary. Unlike packages
installed via pip or Conda, the Minimap2 executable is not automatically added to your system's PATH. Therefore, to run
it simply by typing Minimap2, you need to manually place it in a directory that is included in your PATH. A recommended
approach is to create a symbolic link (functionally equivalent to a Windows shortcut) within your active Conda
environment's bin directory, which is already in the PATH.

You can verify that the eccfp command is properly located in this directory by using which eccfp. The following steps
outline this process:

# Return to the sortware directory

cd ~/eccfpws/Software

# Download and extract minimap2

wget https://github.com/1lh3/minimap2/releases/download/v2.28/minimap2-2.28 x64-
linux.tar.bz2

tar -jxvf minimap2-2.28 x64-linux.tar.bz2

# Test the executable

~/eccfpws/Software/minimap2-2.28 x64-linux/minimap2 --help

# Identify your Conda environment's bin directory (where eccfp was installed)
which eccfp

# This will return a path like:

# output: /home/username/anaconda3/envs/eccfpEnv/bin/eccfp

# NOTE: Your exact path will differ. Use the output from this command.

# Create a symbolic link to minimap2 in that bin directory

# Replace '/home/username/anaconda3/envs/eccfpEnv/bin' with the path from 'which
eccfp'

In -s ~/eccfpws/Software/minimap2-2.28 x64-linux/minimap2
~/anaconda3/envs/eccfpEnv/bin/

# Verify minimap2 is now accessible

minimap2 --help

All core analysis software has now been installed. This section covers the optional install of SRA-Toolkit (v3.2.1), which
is used specifically for downloading data from NCBI. If your sequencing data is already available through alternative sources,
this step may be skipped. To install, simply download the appropriate binary from the official repository, extract the archive,
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and add the prefetch and fasterq-dump executables to your system PATH to enable sequencing data retrieval and format
conversion in subsequent steps.

# Return to the sortware directory

cd ~/eccfpws/Software

# Code for installing SRA-Toolkit

# Download and install SRA-Toolkit

wget https://ftp-trace.ncbi.nlm.nih.gov/sra/sdk/3.2.1/sratoolkit.3.2.1-
ubuntu64.tar.gz

tar -xzvf sratoolkit.3.2.1-ubuntu6d.tar.gz

which eccfp

# output: /home/username/anaconda3/envs/eccfpEnv/bin/eccfp

In -s ~/eccfpws/Software/sratoolkit.3.2.1l-ubuntu64/bin/prefetch
~/anaconda3/envs/eccfpEnv/bin/

In -s ~/eccfpws/Software/sratoolkit.3.2.1-ubuntu64/bin/fasterg-dump
~/anaconda3/envs/eccfpEnv/bin/

prefetch --help

fasterg-dump --help

C. Data preparation

The sequencing data utilized in this protocol are publicly available from the NGDC and NCBI SRA. The reference genome
data (hg38, GRCh38.p14) was obtained from the GENCODE database.

To download data from the NGDC:

1. Navigate to the NGDC website: https://ngdc.cncb.ac.cn/.

2. In the search bar, click All Databases, select NGDC Databases, and then choose BioProject.

3. Enter either “PRJCA040952” or “PRICA010264” into the search box.

4. Initiate the search.

5. Once the project page loads, click on the respective GS4-Human accession number: “HRAO011726” for PRICA040952 or
“HRA002605” for PRICA010264.

6. This leads to the data access page. To request the data, click the “Request Data” button and follow the official application
guidelines available at https://ngdc.cncb.ac.cn/gsa-human/document/GSA-Human Request Guide for Users us.pdf
Upon successful application, NGDC will provide download links. Once downloaded, move the data files to the RawData
directory using the mv command, or create symbolic links to them in the RawData directory using the In -s command.

# Renames a file

mv old-filename new-filename

# Moves a file from its current location to the target directory
mv /path/filename /target-folder/

# Creates a symbolic link to the file within the RawData directory
In -s /path/filename ~/eccfpws/RawData

The dataset used from NCBI SRA is under project accession PRINA806866. This protocol specifically utilizes the following
four samples from this project: SRR18143375, SRR18143376, SRR18143377, and SRR18143378. These datasets can be
downloaded using the prefetch tool from SRA-Toolkit, followed by conversion of the downloaded SRA files to FASTQ
format using fasterq-dump.

The SRA format is a compressed binary format used by NCBI to archive sequencing data. To use these data in downstream
analyses, they must be converted to FASTQ format using tools such as fasterq-dump.

Code for downloading and converting Project PRINA806866 data:

# Navigate to the RawData directory

cd ~/eccfpws/RawData

# Download the specified SRA datasets

prefetch SRR18143375 SRR18143376 SRR18143377 SRR18143378 -0
# Convert downloaded SRA files to FASTQ format
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# Note: It is recommended to use a loop for batch processing multiple files
fasterg-dump --threads 16 SRR18143375/SRR18143375.sra -0
# Batch conversion example using a loop:
1s | grep -v '\.' | grep SRR | while read srr
do
fastergq-dump --threads 16 ${srr}/${srr}.sra -0
done

Note: The prefetch command will create individual directories for each SRA accession (SRR18143375, SRR18143376, etc.)
containing the corresponding SRA files. The fasterq-dump command then processes these SRA files to generate FASTQ
format files in the current directory.

All data in these projects are human-derived. This protocol uses the hg38 (GRCh38.pl4) reference genome from
GENCODE.

Download steps:

1. Go to https://www.gencodegenes.org/

2. Select HUMAN — Current release

3. Under “Fasta files,” choose Genome sequence (GRCh38.p14) + ALL Regions

4. Click Fasta to download

5. Move GRCh38.p14.genome.fa to ~/eccfpws/Reference for analysis

# Navigate to the RawData directory

cd ~/eccfpws/Reference

# Download the GRCh38.pl4 genome (compressed)

wget
https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode human/release 49/GRCh38.pl4.ge
nome.fa.gz

# Decompress the file

gunzip GRCh38.pl4.genome.fa.gz

D. Data quality control using NanoPlot

NanoPlot evaluates the quality of Nanopore sequencing data by generating various plots and summary statistics, providing
insights into data quality and distribution. When using NanoPlot, a FASTQ-formatted sequencing reads file is required, and
the final quality assessment results are primarily presented in NanoPlot-report.html.

First, create a directory named 01QualityControl to store all results. When performing quality control on multiple samples,
use a for loop to process all sequencing files in the RawData directory:

cd ~/eccfpws
mkdir 0lQualityControl
1s RawData/*.fastqg RawData/*.fq 2>/dev/null | while read fastqg
do
if [[ "$fastq" == *.fastq ]]; then
prefix=$ (basename ${fastqg} .fastq)
elif [[ "$fastqg" == *.fqg ]]; then
prefix=$ (basename "S$fastqg" .fq)
else
echo "Warning: Unknown file extension for $(basename "S$fastg")"
echo "Supported formats: .fastqg, .fg"
fi
NanoPlot --fastqg ${fastg} -o 0lQualityControl/${prefix} -t 16 --plots hex dot
Done

When using a single sample:

# Example for a single sample (e.g., HRR2590080 from PRJCA(040952)
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NanoPlot --fastqg RawData/HRR2590080.fastg -o 0lQualityControl/HRR2590080 -t 16 --
plots hex dot

Note: The command 2>/dev/null suppresses error messages when one of the file patterns does not match any files. The sed
command handles both. fastq and. fq extensions when creating the output directory name.

For each sample processed, NanoPlot generates a dedicated output directory. The primary results are compiled within an
interactive NanoPlot-report.html file, which can be opened in any web browser for detailed inspection. Using sample
HRR2590080 as an example, the following section outlines the report structure and provides key interpretations.

The report first presents a Summary Statistics section (Figure 1), providing a high-level quantitative overview. This section
includes:

* General Summary: Core statistics such as the total number of reads, total gigabases sequenced, and the N50 value.

* Reads Above Quality Cutoffs: The number, percentage, and total megabases of reads that exceed defined quality
thresholds, useful for assessing the proportion of high-quality data.

* Top 5 Reads by Quality: The five reads with the highest mean basecall quality scores and their respective lengths,
highlighting the best-quality data.

* Top 5 Longest Reads: The five longest reads and their mean basecall quality scores, identifying the longest fragments
sequenced.

Summary statistics

General summary
Mean read length 1.8708
Mean read quality 86
Median read length 1,075.0
Median read quality 86
Number of reads 62.787.0
Read length N50 3.109.0
STDEV read length 24427
Total bases 117,460,003.0
Number, percentage and megabases of reads above quality cutoffs
>Q10 2591 (4.1%) 3.2Mb
>a1s 0(0.0%) 0.0Mb
>Q20 0(0.0%) 0.0Mb
>Q25 0(0.0%) 0.0Mb
>Q30 0(0.0%) 0.0Mb
Top 5 highest mean basecall quality scores and their read lengths
1 116 (413)
2 115 (210)
3 11.5 (160)
4 1.4 (473)
5 1.4 (411)
Top 5 longest reads and their mean basecall quality score
‘] 62590 (7.3)
46916 (9.6)
46483 (7.5)

2
3

4 36558 (8.2)
5 36248 (9.4)

Figure 1. Summary of NanoPlot quality control results for the HRR2590080

The report is supplemented by several key visualizations (Figure 2):

* Non-Weighted Histogram of Read Lengths (Log Transformed) (Figure 2A): This plot displays the distribution of read
lengths on a logarithmic x-axis (read length) against the frequency on the y-axis (number of reads). It visualizes the fragment
size distribution in the sample. In ideal scenarios, this distribution often approximates a log-normal distribution, indicating
a healthy sample without significant degradation.

* Read Length vs. Average Read Quality Dot Plot (Figure 2B): This scatter plot explores the relationship between read
length (x-axis) and its corresponding average quality score (y-axis). It is a critical diagnostic tool for identifying issues such
as DNA degradation, which often manifests as a trend where longer reads exhibit lower quality.

* Yield by Length (Figure 2C): This plot illustrates the cumulative sequencing output (yield) relative to read length. It
helps visualize the proportion of the total data comprised by reads of certain lengths, showing how much of the total sequence
is contained within long fragments.
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Figure 2. Visualization of NanoPlot results for the HRR2590080. (A) Non-weighted histogram of read lengths after log
transformation. (B) Reads length vs. average read quality plot using dots. (C) Yield by length.

E. Trim adapters and barcodes using Porechop

Porechop is a specialized tool for Oxford Nanopore data that effectively removes adapter and barcode sequences, which is
essential because residual adapters and barcodes severely impact downstream analyses by causing misalignment and false
positives and interfering with structural variant detection; this trimming step is therefore critical for ensuring data integrity
and analytical accuracy. Porechop requires an input FASTQ-formatted file of raw sequencing reads, and the final output is
a FASTQ-formatted clean data file with adapters and barcode sequences removed.

As a first step, create a directory named “02TrimAdapters” to store all results. When trimming multiple samples, use a for
loop to process all sequencing files in the RawData directory:

cd ~/eccfpws
mkdir 02TrimAdapters
1s RawData/*.fastq RawData/*.fq 2>/dev/null |while read fastqg
do
prefix=$ (echo ${fastqg} |cut -d '/' -f 2 |cut -4 '.' -f 1)
porechop -i ${fastq} -o 02TrimAdapters/${prefix} clean.fastqg --extra end trim
0 --discard middle -t 16
done

# Parameters Explained:

# --extra end trim 0: No additional trimming beyond adapters

# --discard middle: Reads with middle adapters will be discarded (default: reads
with middle adapters are split) (required for reads to be used with Nanopolish,
this option is on by default when outputting reads into barcode bins)

# -t 16: Use 16 threads for faster processing

When using a single sample:

# Example for a single sample (e.g., HRR2590080 from PRJCA040952):
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porechop -i RawData/HRR2590080.fastg -o 02TrimAdapters/HRR2590080 clean.fastqg --
extra end trim O --discard middle -t 16

Following adapter and barcode trimming, we compared the key metrics of the raw reads and clean reads (Table S1). The
results indicate a consistent improvement in the average basecall quality across most samples. It is noteworthy that sample
HRR2590080, which was submitted to the repository as pre-processed clean data, showed no changes in its metrics after
processing, as expected.

F. Post-adapter trimming quality assessment with NanoPlot

Following adapter and barcode removal, quality control is repeated using NanoPlot to assess the quality and characteristics
of the trimmed sequencing data.

cd ~/eccfpws
mkdir 03QualityCheck
1ls 02TrimAdapters |while read fastqg
do
prefix=$(echo ${fastq} |cut -d ' ' -f 1)
NanoPlot --fastg 02TrimAdapters/${fastg} -o 03QualityCheck/${prefix} -t 16 --
plots hex dot
done
# Example for a single sample (e.g., HRR2590080 from PRJCA040952):
NanoPlot --fastqg 02TrimAdapters/HRR2590080 clean.fastg -o 03QualityCheck/HRR2590080
-t 16 --plots hex dot

The results from this step are interpreted following the same criteria described in section D. This quality assessment serves
to confirm the successful removal of adapter and barcode sequences without introducing artifacts or significant data loss.
Result interpretation is the same as in section D.

G. Mapping reads to reference genomes

Following adapter and barcode trimming, the high-quality reads must be aligned to a reference genome to determine their
genomic locations. Due to the distinct error profiles of long-read sequencing data compared to short-read sequencing data,
aligners designed for short reads are unsuitable. We use Minimap2 for alignment, a highly efficient tool specifically
optimized for long-read sequencing technologies. It provides a robust balance between mapping accuracy and computational
speed. The subsequent results will be stored in the newly created 04MappingGenome directory. In this step, the input is a
FASTQ-formatted clean data file with adapters and barcode sequences removed, which is aligned to the reference genome
FASTA file, yielding a directly readable PAF-format alignment results file.

cd ~/eccfpws
# Building reference genome index using minimap2 -d to enhances alignment efficiency
minimap2 -d Reference/GRCh38.pl4.genome.fa.mmi Reference/GRCh38.pl4.genome.fa
# Map trimmed reads to the reference genome using minimap?2
mkdir 04MappingGenome
ls 02TrimAdapters |while read fastqg
do
prefix=$(echo ${fastqg} |cut -d ' ' -f 1)
minimap?2 -Ccx map-ont ~/eccfpws/Reference/GRCh38.pl4.genome. fa.mmi
02TrimAdapters/S${fastgq} --secondary=no -t 16 >04MappingGenome/${prefix}.paf
done

# Parameters Explained:

# -cx map-ont: Optimize for Oxford Nanopore reads

# --secondary=no: Filter out secondary alignments (keep only primary)

# -t 16: Use 16 threads for faster processing
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# Example for a single sample (e.g., HRR2590080 from PRJCA040952):

minimap?2 -Ccx map-ont ~/eccfpws/Reference/GRCh38.pl4.genome. fa.mmi
02TrimAdapters/HRR2590080 clean.fastqg --secondary=no -t
16 >04MappingGenome/HRR2590080.paf

The alignment results demonstrate exceptionally high mapping efficiency (>95%) for the majority of samples (Table 2),
confirming successful library preparation and high data quality suitable for downstream eccDNA analysis. Notably, sample
SRR18143375 exhibits a markedly low mapping rate (42.76%), which may indicate substantial non-human contamination,
significant genetic divergence from the reference genome, or undetected data quality issues. This outlier warrants further
investigation before inclusion in subsequent analytical steps.

Table 2. Clean read alignment summary

Clean reads Mapped  Mapping rate (%) Unmapped Unmapped rate (%)

HRR2590080 62787 61298 97.63 1489 2.37
HRR695439 1233070 1225538 99.39 7532 0.61
HRR695440 735078 731036 99.45 4042 0.55
HRR695441 670200 662770 98.89 7430 1.11
HRR695442 522912 513506 98.2 9406 1.8
HRR695443 2103411 2007768 95.45 95643 4.55
HRR695444 1264597 1187419 93.9 77178 6.1
HRR695445 866347 854127 98.59 12220 1.41
SRR18143375 2553645 1092064 42.76 1461581 57.24
SRR 18143376 1909357 1848969 96.84 60388 3.16
SRR 18143377 1702229 1628184 95.65 74045 4.35
SRR18143378 4530767 4470407 98.67 60360 1.33

H. Identifying eccDNAs using ECCFP

ECCFP requires the sequencing FASTQ files, alignment PAF files, and the reference genome FASTA file for eccDNA
identification. The tool first identifies candidate eccDNAs from individual sequencing reads and then derives accurate
eccDNAs from these candidates. All ECCFP results will be saved in the 05IdentifyingEccDNA directory.

cd ~/eccfpws
mkdir 05IdentifyingEccDNA
1s 04MappingGenome/ |while read paf

do

prefix=$ (echo ${paf} |cut -4 '.' -f 1)

eccfp --fastq 02TrimAdapters/${prefix} clean.fastq --paf 04MappingGenome/${paf}
-—-reference ~/eccfpws/Reference/GRCh38.pl4.genome. fa --output
05IdentifyingEccDNA/${prefix}
done

Upon completion of the analysis, the 05IdentifyingEccDNA directory contains multiple subdirectories, each named after a
corresponding sample and housing the respective results. Taking sample HRR2590080 as an example, its directory includes
five output files: final_eccDNA.csv, consensus_sequence.fasta, variants.csv, unit.csv, and candidate_consolidated.csv.
The latter two, unit.csv and candidate_consolidated.csv, serve as intermediate files: unit.csv displays candidate eccDNAs
identified within individual reads, while candidate_consolidated.csv stores information related to the consolidation process
from candidate to accurate eccDNAs.
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Data analysis

Result interpretation

The final output comprises final_eccDNA.csv, consensus_sequence.fasta, and variants.csv. The file final_eccDNA.csv
provides detailed information on accurately identified eccDNAs, including genomic position, Nfullpass representing the
number of full-pass units in supporting reads, Nfragments indicating the number of genomic segments composing the
eccDNA (which may originate from multiple regions), and Nreads reflecting the number of supporting reads, as well as
refLength and seqLength denoting the reference genomic length and consensus sequence length, respectively (Table S2).The
consensus_sequence.fasta file contains the consensus sequences for each eccDNA. Meanwhile, variants.csv documents
sequence variations within eccDNAs, with columns indicating mutation coordinates, reference and alternative bases, mutant
read depth and total depth at the site, mutation type, and the eccDNA harboring the variation (Table S3). In summary, this
protocol provides a complete, efficient, and user-friendly workflow for eccDNA identification. As demonstrated with a
single sample HRR2590080, eccDNA identification for this individual sample can be completed within approximately one
hour after familiarization with the entire process (Table 3).

Table 3. Summary of runtimes for all software across the entire workflow for HRR2590080

NanoPlot Porechop NanoPlot Minimap2 ECCFP
(section D) (section E) (section F) (section G) (section H)
Runtime 16ml12s Im10s 12m57s Imb54s 24 s

Validation of protocol

This protocol has been validated in the following research article: Li et al. [16], iMetaOmics. 2026; ¢70080. DOI:
10.1002/imo02.70080. The data used in this protocol were also utilized in the aforementioned publication.

General notes and troubleshooting

General notes

1. This protocol presents the complete workflow—from quality control and alignment to eccDNA identification—with steps
that can be tailored to the specific characteristics of the dataset under analysis. To facilitate first-time use and user
familiarization, all datasets and the corresponding execution scripts for this protocol are made available on GitHub
(https://github.com/WSG-Lab/ECCFP_Workflow) to support reference and reproducibility.

2. Downstream analysis following eccDNA identification is not covered here, as these steps currently vary significantly
depending on individual research objectives. Please conduct further exploratory analysis tailored to your specific data and
goals.

3. Results may vary when using different software or dependency versions. The specific outcomes should be interpreted in
the context of your actual data analysis.

Troubleshooting

1. Due to a major update in NumPy (NumPy >=2.0.0), many built-in functions have been removed or renamed. For example,
if you encounter errors such as “AttributeError: 'numpy.ndarray' object has no attribute 'ptp'”
or “AttributeError: ptp was removed from the ndarray class in NumPy 2.0. Use
np.ptp(arr, ...) instead.”, please install a NumPy version below 2.0. We strongly recommend using NumPy
(1.26.4) for testing.

2. Throughout the workflow, minimap2 may require substantial memory, which is directly related to the size of the
sequencing data input. In contrast, ECCFP has lower system memory requirements and a smaller memory footprint.

3. Low mapping rate: If the sample mapping rate is too low, it may indicate contamination or other issues with the library.
Although ECCFP will still identify eccDNA from the aligned reads, the results should be used with caution.
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4. The software and dependencies listed in the manuscript represent the latest versions used during the execution of the
described analysis. Using different versions may affect whether the identification pipeline runs successfully. If issues are
encountered, please first attempt to diagnose and resolve errors by checking the printed log messages.

5. Various issues may arise due to differences between operating systems. If you encounter problems that cannot be resolved
during use, please contact the corresponding author.

GitHub page links for the above-mentioned software:

ECCFP: https://github.com/WSG-Lab/ECCFP
Porechop: https://github.com/rrwick/Porechop

Minimap2: https://github.com/lh3/minimap?2

NanoPlot: https://github.com/wdecoster/NanoPlot
Pyfaidx: https://github.com/mdshw5/pyfaidx

Pyfastx: https:/github.com/Imdu/pyfastx

Supplementary information

The following supporting information can be downloaded here:

1. Table S1. Read summary statistics before and after adapter and barcode trimming with Porechop.
2. Table S2. Results of eccDNA identification generated by ECCFP (final eccDNA.csv).

3. Table S3. Results of variant information generated by ECCFP (variants.csv).
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