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Abstract

Extrachromosomal circular DNA (eccDNA) is currently attracting considerable attention from researchers due to its significant impact
on tumor biogenesis. High-throughput sequencing (HTS) methods for eccDNA identification are continually evolving. However, an
efficient pipeline for the integrative and comprehensive analysis of eccDNA obtained from HTS data is still lacking. Here, we introduce
eccDNA-pipe, an accessible software package that offers a user-friendly pipeline for conducting eccDNA analysis starting from raw
sequencing data. This dataset includes data from various sequencing techniques such as whole-genome sequencing (WGS), Circle-seq
and Circulome-seq, obtained through short-read sequencing or long-read sequencing. eccDNA-pipe presents a comprehensive solution
for both upstream and downstream analysis, encompassing quality control and eccDNA identification in upstream analysis and
downstream tasks such as eccDNA length distribution analysis, differential analysis of genes enriched with eccDNA and visualization
of eccDNA structures. Notably, eccDNA-pipe automatically generates high-quality publication-ready plots. In summary, eccDNA-pipe

provides a comprehensive and user-friendly pipeline for customized analysis of eccDNA research.
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INTRODUCTION

Extrachromosomal circular DNA (eccDNA) refers to circular DNA
molecules originating from chromosomes but are not necessarily
independent of them, varying in size from less than 100 bp to
several megabases [1]. With rapid advancements in sequencing
and imaging technologies, eccDNA has been widely detected in
eukaryotes ranging from yeast to human and various cancerous
and non-cancerous human tissues [2-5]. By driving oncogene
overexpression and fostering genetic diversity, eccDNA plays a
crucial role in tumor evolution and resistance to therapies [6-
9]. Additionally, eccDNA can influence spermatogenesis and act
as innate immunostimulants in normal tissue [10, 11]. Due to
its structural diversity, functional versatility and variable abun-
dance, investigations into eccDNA shed light on the molecular
mechanisms underlying DNA repair pathways, genomic insta-
bility and gene expression regulation. Therefore, comprehensive

identification and investigation of eccDNA functions have sub-
stantial clinicalimplications including cancer diagnosis and treat-
ment.

The experimental techniques for eccDNA identification can be
classified based on the sequencing platform used (short-read
or long-read sequencing) and with or without the utilization
of rolling cycle amplification (RCA). The utilization of RCA
can be categorized into non-circular enrichment methods,
such as whole-genome sequencing (WGS) [12], and circular
enrichment methods, such as Circle-seq [13] and Circulome-seq
[14]. Consequently, various software tools have been developed to
identify eccDNA from different experimental techniques. These
tools include AmpliconArchitecture (AA) [15] for WGS data
using short-read sequencing, Circle-Map [16], Circle_finder [17],
ecc_finder [18] and ECCsplorer [19] for processing Circle-seq
and Circulome-seq data obtained from short-read sequencing,
as well as NanoCircle [20], eccDNA_RCA_nanopore [11], CReSIL
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[21] applicable to WGS and Circle-seq generated by long-read
sequencing. However, the variability in eccDNA detection bias
by these methods leads to inconsistencies. Typically, studies
combining several techniques is necessary to achieve a thorough
identification and analysis of eccDNA in specimens [22-24].

While existing tools specialize in particular techniques and
primarily address eccDNA identification in upstream analysis,
researchers encounter challenges in effectively handling eccDNA
data and conducting systematic analysis due to the absence of a
universal and comprehensive analysis pipeline for both upstream
and downstream analysis. The circdna(nf-core) [25] is a simple
pipeline for eccDNA identification in upstream analysis:however,
it does not incorporate the latest long-read sequencing eccDNA
identification algorithms in upstream analysis and none of the
downstream analysis software. Besides, eccDNA experiments
provide rich information on eccDNA; however, their chromosomal
elements, circular characteristics and differentially expressed
genes (DEGs) associated with them were barely illustrated by any
of the known analytical pipelines. Therefore, a pipeline for more
thorough and systematic exploration of the eccDNA source data
is necessary.

Here, we introduce eccDNA-pipe, a comprehensive and highly
integrated pipeline featuring both upstream and downstream
analysis. In the upstream analysis, eccDNA-pipe provides quality
control and eccDNA identification. AA has been developed for the
identification of tumor ecDNA, which represents longer sequence
lengths of eccDNA. The fine structure of focally amplified regions
was reconstructed using WGS short-read sequencing data, which
have been extensively applied in analyzing datasets from multiple
tumors [7, 12]. Circle-Map and CReSIL have emerged as the most
effective pipelines for eccDNA detection through both short-read
and long-read sequencing data [26]. The eccDNA identification
modules incorporated in eccDNA-pipe include AA, Circle-Map and
CReSIL, which are by far the best algorithms for either short-
read or long-read sequencing eccDNA analysis. In the down-
stream analysis, eccDNA-pipe supports the automated extraction
of upstream identified eccDNA results for eccDNA length dis-
tribution analysis, differential gene analysis related to enriched
eccDNA and visualization of eccDNA structures. Moreover, the
eccDNA pipeline adopts a modular programming approach and
allows for input and downstream analysis of eccDNA results from
other eccDNA, identification software tools.

MATERIALS AND METHODS
Workflow and algorithm

eccDNA-pipe requires Circle-Map, AmpliconArchitecture, CReSIL,
trim_galore [27], HOMER [28], fastQC [29], Python and R envi-
ronment installed on LINUX/MAC OS platform, as well as the
corresponding genome references and relative R package limma
[30], edgeR [31], DESeq2 [32], Circlize [33] and clusterProfiler [34].
The overall workflow, as depicted in Figure 1, includes all the
steps of the eccDNA pipeline, which include two main sections:
(1) upstream analysis and (2) downstream analysis. The eccDNA
pipeline supports parallel computing options for analyzing large
datasets on computer clusters, and users also have the flexibility
to execute specific sections of the pipeline. For more detailed
information on the step-by-step procedure and usage guidelines,
please visit https://github.com/QuKunLab/ecc_pipe.

Upstream analysis: quality control

In the quality control step, the pipeline begins with the raw
sequencing output (FastQ files) and utilizes trim_galore to

perform read quality control and adapter trimming. The clean
reads are then retained for subsequent sequence analysis. The
specific parameters for trim_galore are as follows: -q 30 -phred33
—stringency 3 -length 20 -e 0.1.

Upstream analysis: eccDNA identification

In the eccDNA identification step, to achieve optimal eccDNA
identification performance across different sequencing libraries,
the pipeline integrates AmpliconArchitecture, Circle-Map and
CReSIL for all sequencing-type data generated by short-read
sequencing or long-read sequencing. In the integration of Circle-
Map, the pipeline incorporates the Realign functionality. Ampli-
conArchitecture integrates the python3 version of AmpliconSuite-
pipeline, and it allows adjustment of the parameters cngain and
cnsize, with default values set at 4 and 10 000. Both Circle-
Map and CReSIL utilize default parameters. This integration
is facilitated through the snakemake framework [35], enabling
eccDNA detection for all types of sequencing data.

Downstream analysis

In the downstream analysis step, the pipeline supports the stan-
dardization of output files from different methods for accessing
eccDNA and allows manual input of output files from other tools.
Additionally, all downstream analysis results, including PDF anal-
ysis reports and corresponding data, are uniformly output to a
designated directory. This step involved three functionalities: dis-
tribution analysis (Distribution), identification of DEGs based on
eccDNA count and eccDNA structure visualization (Visualization).

For each sample, the Distribution functionality generates
the fragment size distribution and chromosome distribution. It
further annotates and quantifies chromosomal elements with
annotatePeaks.pl in the HOMER suite. Additionally, leveraging
publicly available annotation files from the eccDNA Atlas [36],
it annotates and quantifies enhancers, super-enhancers, single
nucleotide polymorphisms (SNPs) and expression quantitative
trait locis (eQTLs). Moreover, it automatically generates HTML
reports using Jinja2 [37].

The DEG of eccDNA functionality requires a .txt file containing
grouping information for each sample. The script exports an N X
M data matrix D, where N represents the total number of genes
on eccDNA and M is the number of samples. Each element Di,j
denotes the count of gene i in sample j. The annotation of genes
provides two modes: complete gene annotation (genes on the
eccDNA fragments that named gene) and gene circularization
rate (eccDNA fragments on the genes that named region), with
an adjustable annotation ratio parameter for dynamic adjust-
ment. To assess differential genes between different samples, the
eccDNA pipeline applies DESeq2, edgeR and limma for normaliza-
tion and differential analysis on the raw gene matrix, providing a
volcano plot. Users have the flexibility to customize the P-value
and fold-change for creating a tailored volcano plot to visualize
the results of DEGs. For the set of DEGs, it performs Gene Ontology
(GO) functional enrichment annotation and gene set enrichment
analysis (GSEA) using clusterProfiler.

In the Visualization functionality, eccDNA circular visualiza-
tion is implemented based on Circlize. The structure of eccDNA
is predicted by upstream identification algorithms. The visualiza-
tion of eccDNA structures is facilitated by the Circlize R package.
This functionality allows for the clear representation and annota-
tion of eccDNA regions along with their associated genes. All the
aforementioned results are generated in a well-organized folder,
facilitating easy sharing and storage.
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Figure 1. Overview of eccDNA-pipe. Users can choose appropriate tools for eccDNA identification from the raw FastQ data during upstream analysis.
Additionally, they can conduct fundamental downstream analysis on the eccDNA result files. These analyses include eccDNA length distribution
analysis, differential gene analysis related to enriched eccDNA and visualization of eccDNA structures.

Time and memory comparison

To assess the impacts of different execution strategies on the
computing resources consumed by using eccDNA-pipe or the
corresponding individual tool to identify eccDNA, we have utilized
a computer cluster equipped with two Intel Xeon Scale 6248 CPUs
(2.5 GHz, 320 CPU cores), 384 GB of DDR4 memory and 2 TB of
AEP memory. We have used the exclusive node with 40 threads
simultaneously in parallel to calculate the computing time and
memory consumed by each method including Circle-Map, CReSIL
and AA.

Source dataset

Circle-seq short-read sequencing data of human muscle or

human blood was downloaded from GEO: PRJNA419440 (SRR6315393-

SRR6315434) [38]. Circle-seq long-read sequencing of four human
multiple myeloma cancer cell line data (EJM, JJN3, APR1_repl,
APR1_rep2) and three mouse cell line data (STMG1 multiple
myeloma cells and E0771 breast cancer cells, MLOY4 osteocyte-
like cells) were downloaded from GEO: PRJINA806866 [21]. WGS
short-read sequencing data of GBM39 was downloaded from GEO:
PRJNA506071 [8]. Circulome-seq short-read sequencing data of
medulloblastoma (MB) were downloaded from GEO: GSE205178
[39].

RESULTS
Quality control and eccDNA identification

We collected 42 human muscle or human blood Circle-seq
short-read sequencing data [38], 4 human multiple myeloma
cancer cell line data (EJM, JIN3, APR1_repl, APR1_rep2) and 3
mouse cell line data (STMG1 multiple myeloma cells, E0771
breast cancer cells, MLOY4 osteocyte-like cells) in Circle-seq
long-read sequencing [21], GBM39 WGS short-read sequencing
data [8] and MB Circulome-seq short-read sequencing data
[39] to test the eccDNA-pipe. For the upstream analysis, we
modified parameters in the config file and executed trim_galore
to remove adapters from the data. In a similar manner, we
adjusted and refined the parameters to execute Circle-Map for
circle-seq short-read sequencing data [38] and MB Circulome-
seq short-read sequencing data [39]. Subsequently, we executed
AmpliconArchitecture on GBM39 WGS short-read sequencing
data [8] and executed CReSIL for EJM, JJN3, APR1_repl, APR1_rep2,

5TMG1, E0771 and MLOY4 circle-seq long-read sequencing data
[21]. Finally, we obtained the identification of eccDNA results
for each tool through eccDNA-pipe upstream analysis. We also
conducted time and memory comparisons between eccDNA-pipe
and individual algorithms (Supplementary Figure S1A and B,
Supplementary Table S1). The results indicate that eccDNA-
pipe does not add additional memory and time, and it offers
the convenience of setting parallelism with uniform parameters
across multiple tools.

Distribution

The eccDNA-pipe facilitates Distribution analysis of upstream-
generated eccDNA result files, and the results are presented in
a user-friendly and convenient manner. Using human muscle
circle-seq short-read sequencing data (SRR6315430) [38] as an
example, the length distribution of eccDNA type and count
can be displayed (Figure 2A), wherein the data primarily fall
within the range of 100-1000 base pairs. Furthermore, the
distribution of eccDNA was proportional across the original
chromosomes, with Chrl, Chr2 and Chr3 showing relatively
larger proportions (Figure 2B). Additionally, eccDNA-pipe was
combined with annotatePeaks.pl in the HOMER suite to uncover
the distribution of chromosomal elements. In muscle tissue
eccDNA, introns exhibited the highest prevalence, while repetitive
elements were prominently enriched in the proximity of SINE
and LINE (Figure 2C). Moreover, relevant annotation files were
obtained from the eccDNA Atlas to uniformly annotate eccDNA
fragments and generate corresponding overlap results for SNPs,
Super Enhancers, Enhancers and eQTLs. The analysis indicated a
higher prevalence of eccDNA overlap with eQTLs in muscle tissue
(Figure 2D). Finally, the eccDNA-pipe automated the generation
of HTML reports using Jinja2, which incorporated interactive
plotly visualizations and included all annotation results from
the Distribution analysis (Supplementary Figure S2).

For multiple samples, the eccDNA-pipe offers a comparative
analysis based on the results from each sample. We compared the
number of identified eccDNA using eccDNA-pipe with the pub-
lished gold-standard data from EJM, JJN3, APR1_repl, APR1_rep2,
5TMG1, E0771 and MLOY4 circle-seq long-read sequencing data
[21]. The results suggest that the eccDNA-pipe identification out-
comes closely correspond to the published data, affirming the
reliability of eccDNA-pipe (Figure 3A). We presented the length
distribution of eccDNA (Figure 3B, Supplementary Figure S3A), the
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Figure 2. Examples of eccDNA-pipe Distribution outputs (SRR6315430 human muscle circle-seq short-read sequencing data). (A) Barplot and histogram
visualization for eccDNA type/count in length (type: each type of eccDNA counts as 1; count: each type of eccDNA is calculated based on its count
number). (B) Pie chart illustrating eccDNA chromosomal origins. (C) Barplot showing the number of chromosomal elements associated with eccDNA
using HOMER annotation. (D) Barplot showing the number of regulatory elements (e.g. SNPs, SuperEnhancers, Enhancers, eQTLs) associated with eccDNA

using eccDNA Atlas annotation.

chromosomal distribution of eccDNA (Figure 3C) and the chro-
mosomal element distribution of eccDNA (Supplementary Fig-
ure S3B) from EJM, JJN3, APR1_repl, APR1_rep2, 5TMG1, E0771 and
MLOY4 circle-seq long-read sequencing data. In this comparison,
JIN3 shows a higher proportion of fragments below 500 base
pairs compared to other samples. Moreover, we applied eccDNA-
pipe to 42 human muscle or human blood Circle-seq short-read
sequencing data [38] to show its analytical capabilities for pro-
cessing larger-scale datasets. We presented the length distribu-
tion of eccDNA (Figure 3D, Supplementary Figure S3C) and the
chromosomal distribution of eccDNA (Supplementary Figure S3D)
from 42 human muscle or human blood Circle-seq short-read
sequencing data. It consistently exhibits a higher proportion of
fragments below 1000, aligning with the captured length distribu-
tion of Circle-seq.

Visualization

The eccDNA-pipe offers the ability to perform circular visu-
alization of user-defined selected eccDNA. For instance, using
GBM39 WGS short-read sequencing data [8], based on the
upstream analysis of eccDNA-pipe, we were able to reproduce
the results containing EGFR eccDNA. The AA of eccDNA-pipe
directly displayed the prediction results for this Amplicon
(Supplementary Figure S3E). By utilizing the Visualization, we
observed a clear enrichment of the EGFR gene in the middle of
the two segments of this eccDNA (Figure 3E).

DEG of eccDNA

The eccDNA-pipe provides the functionality to annotate eccDNA
fragments at the gene level and perform differential gene analysis
based on grouping. Compared with other individual algorithms
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Figure 3. The application of eccDNA-pipe in various datasets. (A) The comparison of number of eccDNAs discovered by eccDNA-pipe and the original
study using CReSIL from the mouse/human cell line long-read sequencing data. (B) The length distribution of the eccDNAs (<4000 bp) discovered
by eccDNA-pipe from mouse/human cell line long-read sequencing data. (CG) The chromosomal distribution of the eccDNAs discovered by eccDNA-
pipe from mouse/human cell line long-read sequencing data. (D) The length distribution of eccDNAs (<6000 bp) discovered by eccDNA-pipe from 42
short-read sequencing datasets (SRR6315393-SRR6315434). (E) The circular visualization of EGFR eccDNA by eccDNA-pipe visualization in GBM39 WGS

short-read sequencing data.

and existing pipelines, eccDNA-pipe is the first to develop com-
patible DEG functionality (Supplementary Figure S4). Taking MB
Circulome-seq short-read sequencing data [39] as an example,
we identified a higher quantity of eccDNA in the tumor group
compared to the normal group using Circle-Map in eccDNA-
pipe (Figure 4A). It aligns with the conclusions in the original
literature. We also presented the chromosomal distribution of
eccDNAs of tumor and normal samples (Figure 4B). As Circulome-
seq short-read sequencing data consist of short reads, we selected
an overlap ratio of 0.5 in region mode to calculate the number of
eccDNAs on genes. Subsequently, we performed differential gene
analysis, GO annotation and GSEA based on the raw gene X sam-
ple matrix using limma and clusterProfiler. The results revealed
that in the tumor group, there was enrichment of eccDNA in
the top two enriched pathways of glutamate receptor signaling
pathway (GNAQ, GRIK3, GRM1, GRIA3, TRPM1, GRIKS, KCNB1) and
cell-cell adhesion via plasma—membrane adhesion molecules
(PCDHA1, PCDHA2, PCDHA3, TENM3, CDH20) (Figure 4C-E, Supple-
mentary Tables S2 and S3).

DISCUSSION

Different single algorithms present various challenges in terms of
parallel parameters, output files and environmental compatibility
when handling datasets generated from distinct sequencing
platforms and experimental approaches. This diversity can
result in an inconvenient user experience for researchers.
Furthermore, single algorithm does not support systematic
downstream analysis, making it challenging for users to delve
into deeper interpretation of eccDNA results. In contrast, eccDNA-
pipe uniformly integrates CReSIL, AA and Circle-Map using the
Snakemake framework for upstream analysis, providing users

with a convenient solution for processing large-scale data with
these algorithms. For downstream analysis, a unified processing
and analysis workflow was established for eccDNA-pipe through
Python programming. This allows users to systematically
conduct both upstream and downstream analyses using a
single pipeline. In summary, eccDNA-pipe offers a pioneering
solution by providing comprehensive and integrated analysis
capabilities for both upstream and downstream processes.
However, eccDNA-pipe still has some limitations and areas for
improvement.

The eccDNA-pipe currently offers downstream analyses
including eccDNA length distribution, differential gene analysis
related to enriched eccDNA and visualization of eccDNA
structures. Additional downstream analyses of eccDNAs, such
as structural variation (SV), single-nucleotide variation (SNV)
and enhancer hijacking analysis [40] as well as algorithms for
single-cell eccDNA analysis, will be developed and integrated into
eccDNA-pipe.

Long-read sequencing data play a crucial role in identifying
complex eccDNAs due to extended read lengths. Currently,
various algorithms, including FLED [41] and Decoil [42], have
been developed to identify more reliable eccDNAs from long-read
sequencing data. We plan to incorporate these newly developed
algorithms into our pipeline.

Different eccDNA identification algorithms are designed
to cater to distinct species. The eccDNA-pipe addresses this
challenge by offering an application programming interface
(API) and tutorial, enabling users to customize and modify the
species if the underlying algorithm supports such modification.
For instance, the developers of AA currently provide support for
human, mouse and human-viral hybrid. Nevertheless, eccDNA-
pipe remains committed to ongoing maintenance and updates.
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Figure 4. The application of eccDNA-pipe to MB Circulome-seq short-read sequencing data. (A) Comparison of the number of eccDNAs identified
between tumor and normal samples. (B) Chromosomal distribution of eccDNAs in tumor and normal samples. (C) The volcano plot of eccDNA-pipe
DEG according to the eccDNA results (tumor versus normal). (D) The GO result of DEG associated with the eccDNA upgenelist (tumor versus normal) by
clusterProfiler. (E) The GSEA results of the top two enriched pathways of the DEG (tumor versus normal) annotated in eccDNA (i.e. glutamate receptor
signaling pathway, cell-cell adhesion via plasma-membrane adhesion molecules).

Although there are inconsistencies in the definitions of ecDNA
and eccDNA used by various studies [12, 22, 43], it does not affect
the results obtained from eccDNA-pipe. In general, we take those
eccDNAs obtained from AA with length >10 kb as ecDNAs.

In summary, eccDNA-pipe is an automated and efficient
pipeline designed for the comprehensive analysis of eccDNA.
This user-friendly tool transforms the analysis results into
publication-quality plots and provides a general pipeline for
researchers to manipulate eccDNA results obtained from various
sequencing methods. By simplifying data exploration of eccDNA

information, eccDNA-pipe contributes to the advancement of
eccDNA research.

Key Points
e The eccDNA-pipe is a comprehensive pipeline that inte-
grates well-established algorithms included Circle-Map,
AmpliconArchitecture and CReSIL to facilitate eccDNA
identification. Additionally, eccDNA-pipe extends its
utility by providing downstream analysis capabilities for
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eccDNA result files. These encompass eccDNA length
distribution analysis, differential gene analysis related
to enriched eccDNA and visualization of eccDNA struc-
tures.

e Using the eccDNA-pipe, researchers can easily install
tool environments and utilize multiple threads to
accelerate the parallel processing of multiple sam-
ples. Moreover, they can annotate chromosomal ele-
ments and genes related to enriched eccDNA by
performing differential gene analysis (differentially
expressed gene) of eccDNA count on multiple grouped
samples, enabling exploration of the biological relevance
of eccDNA.

e The eccDNA-pipe automatically converts these results
into intuitive plots at publication quality based on sta-
tistical analysis.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/bib.
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