
Background
No existing models support full-length circular eccDNA due to sequence truncation and 
Transformer inefficiencies.

Introduce eccDNAMamba, the first bidirectional state-space model for circular DNA, 
enabling full-context modeling.

Combines circular augmentation, span masking, and BPE to achieve strong and robust 
performance to sequences up to 200 kbp—providing a scalable foundation for eccDNA 
analysis.

Byte-Pair Encoding (BPE) compresses sequences to a motif-level alphabet 
(~5 bp per token) 

Dual Mamba-2 encoders (forward + reverse) process the sequence 
bidirectionally; their hidden states are aligned and fused for global context 
integration

State-space kernels enable linear scaling of compute & memory to 
sequence length, unlocking routine training/inference on ultra-long 
sequences

Efficiently provides robust and globally aware embeddings for downstream 
tasks.

Overview

First bidirectional state-space encoder for circular DNA 

Circular‐aware input – appends the first 64 tokens to the tail so head-to-tail 
dependencies are preserved during training and inference 

Pre-trained on eccDNAs from diverse species, cell lines, and disease states (≈ 101 M 
BPE tokens) and fine-tuned for various downstream tasks, positioning it as a versatile 
foundation for circular-genome analytics

Scales to full-length eccDNAs (200 kbp), enabling ultra-long-range reasoning that 
classic Transformers cannot handle
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Performance

eccDNAMamba achieves improved performance in classifying cancer vs healthy 
and Authentic vs Pseudo eccDNA compared to other state-of-the-art models, and 
maintains performance in ultra-long sequences.

Motif Analysis

eccDNAMamba uses motifs with CG-centric cores typical of C2H2 zinc-finger 
binding sites (ZFs) to classify eccDNA of cancer origin.

ZNF24 & ZNF263 head a list of 218 ZF proteins matching the discovered motifs, 
linking model predictions to oncogenic regulators.

False-negative cancer eccDNAs are dominated by AT-rich motifs.

Future work includes extending interpretability and cross-species experiments 
Train model on CG/motif balanced datasets to extract other biologically significant sequence features


