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ABSTRACT

With the success of large-scale pretraining in NLP, there is an increasing trend
of applying it to the domain of life sciences. In particular, pretraining methods
based on DNA sequences have garnered growing attention due to their potential
to capture generic information about genes. However, existing pretraining meth-
ods for DNA sequences largely rely on direct adoptions of BERT pretraining from
NLP, lacking a comprehensive understanding and a specifically tailored approach.
To address this research gap, we first conducted a series of exploratory experi-
ments and gained several insightful observations: 1) In the fine-tuning phase of
downstream tasks, when using K-mer overlapping tokenization instead of K-mer
non-overlapping tokenization, both overlapping and non-overlapping pretraining
weights show consistent performance improvement. 2) During the pre-training
process, using K-mer overlapping tokenization quickly produces clear K-mer
embeddings and reduces the loss to a very low level, while using K-mer non-
overlapping tokenization results in less distinct embeddings and continuously de-
creases the loss. 3) Using overlapping tokenization causes the self-attention in the
intermediate layers of pre-trained models to tend to overly focus on certain tokens,
reflecting that these layers are not adequately optimized. In summary, overlapping
tokenization can benefit the fine-tuning of downstream tasks but leads to inad-
equate pretraining with fast convergence. To unleash the pretraining potential,
we introduce a novel approach called RandomMask, which gradually increases
the task difficulty of BERT-like pretraining by continuously expanding its mask
boundary, forcing the model to learn more knowledge. RandomMask is simple
but effective, achieving top-tier performance across 26 datasets of 28 datasets
spanning 7 downstream tasks. For example, RandomMask achieves a stagger-
ing 65.83% in Matthew’s correlation coefficient for epigenetic mark prediction,
which is a groundbreaking increase of 14.02% over the baseline and a remarkable
4.82% improvement over the SOTA results.

1 INTRODUCTION

In recent years, the combination of Transformer architectures, vast datasets, and unsupervised pre-
training has led to a remarkable advancement in the field of natural language processing (Devlin
et al., 2018; Floridi & Chiriatti, 2020; Zhao et al., 2023). Interestingly, a parallel can be observed
between the semantic relationships in natural language and those found in DNA sequences. In natu-
ral language, words and sentences interrelate, while in DNA, elements such as promoters, enhancers,
and transcription factor binding sites govern numerous biochemical interactions (Riethoven, 2010;
Khoury & Gruss, 1983). The power of pre-trained language models lies in their ability to distinguish
these subtle and interconnected relationships by pretraining on large-scale unlabeled data. Fortu-
nately, gene sequencing projects, like the human genome project, have provided us with extensive
collections of DNA sequence data (Gibbs, 2020) and paves the way for the development of DNA
pre-training models. The prospect of utilizing pre-trained language model to uncover the hidden
knowledge from vast DNA sequences is highly promising. Pioneering models like DNABERT (Ji
et al., 2021), LOGO (Yang et al., 2022), and the Nucleotide Transformer (Dalla-Torre et al., 2023)
demonstrate the early achievements in analyzing DNA sequences.

However, pre-trained models for DNA sequences often directly adopt methods from BERT (Devlin
et al., 2018) in the field of NLP, neglecting the unique characteristics of DNA sequence. As shown in

1



Under review as a conference paper at ICLR 2024

Table 1: We present here the characteristics of relevant DNA downstream tasks, including Epigenetic Marks
Prediction (EMP), Transcription Factor Prediction on the Human genome and the Mouse genome (TF-H and
TF-M), Promoter Detection (PD), Core Promoter Detection (CPD), Splice Site Prediction (SSP), and Enhancer
Activate Prediction (EAP). CLS and REG denote the classification and regression tasks, respectively.

Downstream Tasks EMP TF-M TF-H PD CPD SSP EAP
Task type CLS CLS CLS CLS CLS CLS REG
Species Yeast Mouse Human Human Human Human Drosophila
Sequence length 500 100 100 300 70 400 250
Single nucleotide ✓ ✓ ✓ ✓ ✓ ✓ ✓
Regional level - - - ✓ ✓ - ✓

Transformer Encoder

I like [MASK] table tennis

playing

Transformer Encoder

ACA [MASK] GCA

GAT

I like playing table tennis AGTACAGATGCATGC

Transformer Encoder

AGT [MASK] CAG[MASK][MASK]

GTA TAC ACA

AGTACAG

(a) Masked language model for NLP.

AGT TGC

(b) Mask language model for DNA
non-overlapping 3-mer tokenizer.

(c) Mask language model for DNA
overlapping 3-mer tokenizer.

Figure 1: Comparison of Masked Language Models: From Natural Language Processing to DNA Sequence
Analysis. In the experiments of this paper, both DNABERT and NT utilized 6-mer. For illustrative purposes,
the figures use 3-mer as a representation.

Figure 1, there is a parallel between the masked language model used in both natural language pro-
cessing and DNA sequence analysis. The figure highlights the divergent tokenization strategies em-
ployed for DNA sequences, with a focus on the K-mer tokenization method which adopts a sliding
window approach, with ’K’ symbolizing the window’s size. Overlapping tokenization (DNABERT
Ji et al. (2021)) occurs when the window shifts by a single step, while non-overlapping tokenization
(the Nucleotide Transformer (NT) Dalla-Torre et al. (2023)) happens when the window moves by
the size of ’K’. As in part 1(b), the NT, using non-overlapping K-mer tokenization, masks one token
at the designated location and reconstructs it in the model’s output. Conversely, part 1(c) illustrates
DNABERT’s approach, where under overlapping K-mer tokenization, ’k’ consecutive tokens are
masked at the chosen point and reconstructed in the final output. Unfortunately, these models still
lack the analysis and consideration of the unique characteristics inherent in DNA.

DNA tasks differ significantly from tasks in natural language processing. In natural language, mi-
nor changes in letters generally have negligible impact. However, in DNA sequences, even slight
variations at the nucleotide level can have a profound impact due to their high sensitivity (Benegas
et al., 2022). For instance, sickle cell anemia (Kato et al., 2018) results from the substitution of the
amino acid valine for glutamic acid at the sixth position in the β-globin chain (i.e., GAA changes
to GTA), resulting in hemoglobin S replacing normal hemoglobin. Besides, some downstream tasks
related to DNA sequences indeed focus closely on changes in individual nucleotides. An illustra-
tion is that Epigenetic Marks Prediction (Moore et al., 2013) zeroes in on pinpointing sites where
specific biomolecules interact with nucleotides. On the other hand, certain DNA tasks underscore
the model’s proficiency in extracting broader, regional information. Promoter Detection, as demon-
strated by Oubounyt et al. (2019), relies on the model’s ability to effectively process sequences
spanning tens to hundreds of base pairs. The diverse nature of these tasks is further illustrated in
Table 1, highlighting the unique characteristics of each DNA downstream task.

To design pretraining methods tailored to the characteristics of DNA, we need a deeper and more
comprehensive understanding of BERT-like pretraining methods for DNA. Specifically, we observed
the following phenomena: 1) No matter whether the pretrained weights come from overlapping to-
kenization pre-training or non-overlapping pre-training models, adopting overlapping tokenization
always improves performance when fine-tuning on downstream tasks. This might be because the
overlapping tokenization method is sensitive to the changes in single nucleotide. 2) Overlapping
techniques quickly produced distinct K-mer embeddings and exceptionally low loss, while non-
overlapping methods resulted in vaguer embeddings and a slower loss reduction. 3) Using over-
lapping tokenization in pretraining, models have exhibited that in intermediate layers, self-attention
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concentrates solely on particular tokens, showing a lack of diversity. This might indicate an under-
training problem in these layers. In summary, although overlapping methods enhance fine-tuning
performance, they can also introduce challenges during pretraining, such as rapid convergence and
the risk of under-training.

Building upon the above observations, we further design for BERT-like DNA pretraining. While
overlapping tokenization has proven beneficial in capturing intricate sequence patterns during the
fine-tuning phase, particularly nuanced changes at the nucleotide level, it presents challenges during
pre-training. Notably, models employing overlapping tokenization often exhibit rapid convergence,
a phenomenon of ”fast learning.” This accelerated learning curve may inadvertently lead the model
to overlook subtle interconnections within the data, culminating in a superficial pre-training process.
Addressing this challenge, we introduce RandomMask. It is a technique grounded in the principle
of progressively escalating task complexity for the model. By dynamically expanding masking
boundaries throughout the BERT-like pretraining, RandomMask consistently presents the model
with evolving challenges. This not only counteracts the model’s predisposition to swiftly converge
on solutions but also spurs sustained learning and adaptability. Empirically, our method achieves a
new state-of-the-art on kinds of DNA downstream tasks.

Overall, the contributions of this paper can be summarized in the following three points:

1) We conducted a comprehensive exploration of BERT-like pretraining for DNA sequences,
unveiling several interesting and significant observations. Our experiments emphasized
that during the fine-tuning phase, employing K-mer overlapping tokenization consistently
improves performance across both overlapping and non-overlapping pretrained weights.
However, during the pretraining phase, common-used overlapping tokenization method
leads to fast convergence and insufficient training.

2) To address these issues and unleash the potential of pretraining, we introduced Random-
Mask, a novel approach that elevates the challenge in BERT-like pretraining by dynamically
expanding mask boundaries, encouraging the model to assimilate richer knowledge.

3) We tested our approach on a total of 28 datasets spanning 7 downstream tasks. Across
these tasks, we consistently achieved top-tier performance. Particularly noteworthy is
our achievement in the widely-followed epigenetic mark prediction, where we secured a
Matthew’s correlation coefficient of 65.83%, surpassing the baseline by 14.02% and ex-
ceeding the current state-of-the-art by 4.82%.

2 RELATED WORK

2.1 BERT-LIKE DNA PRE-TRAINING APPROACHES

In recent years, significant advancements have been made in DNA pre-training, influenced by the
success of BERT. DNABERT, introduced by Ji et al. (2021), applies BERT-like architectures to learn
representations of DNA sequences. By leveraging Transformers’ bidirectional nature, DNABERT
captures dependencies and relationships between nucleotides, enabling a deeper understanding of
genetic information (Le et al., 2021). It has demonstrated enhanced performance on tasks like DNA
sequence classification, variant calling, and gene expression prediction. Another notable advance-
ment is the Nucleotide Transformer (NT) proposed by Dalla-Torre et al. (2023). NT utilizes a
significantly larger number of parameters compared to DNABERT, leading to notable performance
enhancements. As the field continues to evolve, further refinements and novel approaches are ex-
pected, leading to more advanced analysis and interpretation of genetic information (Nguyen et al.,
2023; Zhang et al., 2023).

2.2 K-MER TOKENIZATION

K-mer Tokenization involves dividing DNA sequences into subsequences or ”k-mers” using a slid-
ing window mechanism. Here, ’k’ represents the window size, determining the length of each
subsequence. Two commonly employed strategies within this framework are Overlapping, used
by DNABERT, and Non-overlapping tokenization used by Nucleotide Transformer. To illustrate,
let’s consider the DNA sequence ’ATGACG’ and tokenize it using a 3-mer approach. When using
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Table 2: Performance comparison between overlapping and non-overlapping tokenization in the fine-tuning
stage with two pre-trained models pre-trained with different tokenization methods. The results are reported in
terms of MCC or PCC. The maximum values of MCC and PCC are both 100%. The larger these two indicators
are, the better the model performance is.

Model Pre-trained
NT Non-overlapping
DNABERT Overlapping

Model Fine-tuning EMP TF-M TF-H PD CPD SSP EAP

NT Non-overlapping 45.37 39.81 55.25 87.71 62.56 80.39 38.94
Overlapping 46.47 61.99 63.95 90.88 68.55 84.34 64.67

DNABERT Non-overlapping 43.65 34.87 54.50 87.62 65.82 79.91 55.31
Overlapping 51.81 59.60 63.55 90.48 72.84 85.44 68.43

overlapping, the resulting tokens are ATG, TGA, GAC, and ACG. On the other hand, when using
non-overlapping, the tokens obtained are ATG and ACG.

2.3 SIGNIFICANCE OF SINGLE NUCLEOTIDE RESOLUTION

Single nucleotide resolution is crucial for a wide range of DNA-related tasks. Recognizing its sig-
nificance, Nguyen et al. emphasized its importance in their study on HyenaDNA (Nguyen et al.,
2023). They argued that the selection of an appropriate window size is crucial for models to accu-
rately identify and extract information regarding individual nucleotides. Based on this observation,
they advocated for a k-mer tokenization strategy, specifically employing a window size of one, to
achieve enhanced resolution at the single nucleotide level.

3 EXPLORATORY EXPERIMENTS AND INSIGHTFUL OBSERVATIONS

To examine the effect of different tokenization methods, we performed two exploratory experiments
and gain three insightful observations.

• It is common practice to adopt consistent tokenization methods for pre-training and fine-
tuning. What if we use different tokenization methods for each stage? Conventional
wisdom suggests that the performance may be negatively impacted because this inconsis-
tency in tokenization hinders the model from leveraging the knowledge learned from pre-
training. However, our findings demonstrate that overlapping tokenization consistently out-
performs non-overlapping tokenization, regardless of the tokenization method pre-training
employed. This suggests that, by its very nature, overlapping tokenization is superior for
DNA downstream tasks.

• In order to delve deeper into the underlying differences between overlapping and non-
overlapping tokenization, we conducted an extensive analysis of the pre-training process.
This analysis allowed us to gain two more insightful observations: (1) Overlapping to-
kenization leads to a more organized embedding space with exceptionally reduced loss,
while non-overlapping tokenization results in a chaotic embedding space with a slower
but continuous decrease in loss. (2) The original MLM task is too easy for models using
overlapping tokenization, thus hindering the sufficient training of attention mechanisms.

3.1 FINE-TUNING STAGE

Observation 1:
• During the fine-tuning stage, using overlapping tokenization instead of non-

overlapping tokenization leads to consistent performance improvement for both
overlapping (DNABERT) and non-overlaaping (Nucleotide Transformer) pre-
trained models.

We performed a series of comparative experiments on diverse downstream benchmark tasks. Two
pre-trained models were employed, namely ”DNABERT” and ”Nucleotide Transformer,” both pre-
trained on the whole human genome. ”DNABERT” was pre-trained using overlapping tokenization,
whereas ”Nucleotide Transformer” was pre-trained using non-overlapping tokenization. Then we
fine-tuned these two models on the benchmark consisting of seven downstream tasks with total 28
datasets. The results are shown in Table 2.
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The Loss of overlapping tokenization.
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Figure 2: The loss curves with t-SNE visualizations of the embedding spaces during the training of DNABERT
with overlapping tokenization (the first row) and DNABERT with non-overlapping tokenization (the second
row). We observe that the magnitude of the loss value is inversely correlated with the level of organization
observed in the embedding space.

In Table 2, we observe that regardless of the pre-training method employed, models fine-tuned
with overlapping tokenization consistently outperform those utilizing non-overlapping tokenization.
Specifically, DNABERT demonstrates improvements all 7 tasks, with an average increase of 10.25%
in MCC or PCC. Similarly, Nucleotide Transformer also exhibits improvements in all 7 tasks, with
an average increase of 10.01%.

We claim that the performance gap between overlapping and non-overlapping tokenization stems
from the intrinsic superiority of overlapping tokenization for DNA downstream tasks. Addtionally,
contrary to conventional belief, which suggests that inconsistency between pretraining and finetun-
ing may hinder performance, our finding reveals that directly using overlapping tokenization leads
to a significant improvement in performance of DNA downstream tasks, regardless of the chosen
pre-training method.

3.2 PRE-TRAINING STAGE

To gain a deeper understanding, we perform an thorough analysis of the pre-training process.
This involves pretraining two models, namely ”DNABERT” with overlapping tokenization and
”DNABERT” non-overlapping tokenization, on the entire Human Genome.

3.2.1 EMBEDDING SPACE ANALYSIS

Observation 2:
• During the pre-training stage, using overlapping tokenization results in a more or-

ganized embedding space, rapidly reducing the loss to an exceptionally low level.
Conversely, using non-overlapping tokenization yields a more chaotic embedding
space, with a continuous decrease in the loss.

We compare the the progression of embedding space along with loss values between the two models.
To visualize the embedding space, we use the t-SNE algorithm (Van der Maaten & Hinton, 2008) and
present the results in Figure 2. Comparing the two embedding spaces, we notice a notable distinction
between the outcomes achieved by DNABERT when using overlapping and non-overlapping tok-
enization. For overlapping tokenization, as the loss decreases quickly, the embedding space becomes
increasingly organized, resulting in a clear clustering of tokens when the loss reaches a low level.
On the other hand, for non-overlapping tokenization, the loss continuosly decreases but remains at
a relatively high level, with limited organization in the embedding space.
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TCATCT
TCATCC

TCATCG

TCATGA

TCATGTTCATGC

TCATGG

TCACAATCACATTCACAC
TCACAG

TCACTA
TCACTTTCACTC

TCACTG

TCACCA
TCACCT

TCACCC

TCACCG

TCACGATCACGT
TCACGC

TCACGG

TCAGAA
TCAGAT

TCAGAC

TCAGAG

TCAGTA

TCAGTTTCAGTC
TCAGTG TCAGCA

TCAGCT
TCAGCC

TCAGCG

TCAGGA

TCAGGTTCAGGC

TCAGGG

TCTAAA

TCTAAT
TCTAAC

TCTAAG

TCTATA

TCTATT
TCTATC

TCTATG
TCTACA

TCTACT
TCTACC

TCTACG

TCTAGA
TCTAGTTCTAGC

TCTAGG

TCTTAA

TCTTATTCTTAC

TCTTAG

TCTTTA

TCTTTTTCTTTC

TCTTTG

TCTTCA

TCTTCT
TCTTCC

TCTTCG

TCTTGATCTTGTTCTTGC
TCTTGG

TCTCAA

TCTCATTCTCAC
TCTCAG

TCTCTA

TCTCTTTCTCTC
TCTCTG

TCTCCA

TCTCCT

TCTCCCTCTCCG

TCTCGA
TCTCGTTCTCGC

TCTCGG

TCTGAA

TCTGATTCTGAC

TCTGAG

TCTGTA

TCTGTT
TCTGTC

TCTGTG

TCTGCA

TCTGCT
TCTGCC

TCTGCG

TCTGGA

TCTGGT
TCTGGC

TCTGGG

TCCAAATCCAATTCCAACTCCAAG

TCCATA

TCCATT
TCCATC

TCCATG

TCCACA

TCCACTTCCACC

TCCACG

TCCAGA
TCCAGTTCCAGC

TCCAGG

TCCTAA
TCCTATTCCTACTCCTAG

TCCTTA TCCTTTTCCTTCTCCTTG

TCCTCA

TCCTCT
TCCTCC

TCCTCG
TCCTGA

TCCTGTTCCTGCTCCTGG

TCCCAA

TCCCATTCCCAC

TCCCAG

TCCCTA

TCCCTT

TCCCTC

TCCCTG

TCCCCA

TCCCCT

TCCCCC

TCCCCG

TCCCGA TCCCGT
TCCCGCTCCCGG

TCCGAATCCGATTCCGAC
TCCGAG

TCCGTA

TCCGTT

TCCGTCTCCGTG

TCCGCA

TCCGCT

TCCGCC

TCCGCG

TCCGGA

TCCGGTTCCGGC

TCCGGG

TCGAAA

TCGAAT

TCGAACTCGAAG

TCGATA

TCGATTTCGATC

TCGATG

TCGACA

TCGACT

TCGACC

TCGACG

TCGAGA

TCGAGTTCGAGC

TCGAGG

TCGTAA
TCGTATTCGTAC
TCGTAG

TCGTTA

TCGTTT
TCGTTC

TCGTTG
TCGTCA

TCGTCT

TCGTCC
TCGTCG

TCGTGA

TCGTGTTCGTGC
TCGTGG

TCGCAA
TCGCATTCGCAC
TCGCAG

TCGCTA

TCGCTT

TCGCTC
TCGCTG

TCGCCA

TCGCCT

TCGCCC

TCGCCG

TCGCGATCGCGT

TCGCGC
TCGCGG

TCGGAA

TCGGAT

TCGGAC

TCGGAG

TCGGTA

TCGGTT

TCGGTC

TCGGTG
TCGGCATCGGCT

TCGGCC

TCGGCG

TCGGGA

TCGGGT
TCGGGC

TCGGGG

TGAAAA

TGAAAT

TGAAAC

TGAAAG

TGAATA
TGAATT

TGAATC

TGAATG

TGAACA
TGAACT
TGAACC

TGAACG

TGAAGA

TGAAGTTGAAGC

TGAAGG

TGATAATGATATTGATAC
TGATAG

TGATTA
TGATTT

TGATTC

TGATTG

TGATCA
TGATCTTGATCC

TGATCG

TGATGA
TGATGT

TGATGC
TGATGG

TGACAA
TGACATTGACAC

TGACAG

TGACTATGACTT
TGACTC

TGACTG

TGACCA

TGACCT
TGACCC

TGACCG TGACGA

TGACGT
TGACGC

TGACGG

TGAGAA

TGAGATTGAGAC

TGAGAG

TGAGTA

TGAGTT
TGAGTC

TGAGTG

TGAGCA

TGAGCTTGAGCC

TGAGCG

TGAGGA

TGAGGT
TGAGGC

TGAGGG

TGTAAA

TGTAATTGTAAC
TGTAAG

TGTATA
TGTATT

TGTATCTGTATG

TGTACATGTACTTGTACCTGTACG

TGTAGA TGTAGTTGTAGCTGTAGG

TGTTAA

TGTTATTGTTAC

TGTTAG

TGTTTA
TGTTTT

TGTTTC
TGTTTG

TGTTCA
TGTTCT

TGTTCCTGTTCG

TGTTGA

TGTTGT
TGTTGC

TGTTGG

TGTCAA
TGTCATTGTCAC
TGTCAG

TGTCTA

TGTCTT

TGTCTC

TGTCTG

TGTCCA

TGTCCT

TGTCCC

TGTCCG

TGTCGATGTCGTTGTCGCTGTCGG

TGTGAA TGTGAT
TGTGACTGTGAG TGTGTATGTGTT

TGTGTC

TGTGTG
TGTGCA

TGTGCT
TGTGCC

TGTGCG
TGTGGA

TGTGGT
TGTGGC

TGTGGG

TGCAAA

TGCAAT
TGCAAC

TGCAAG

TGCATATGCATTTGCATCTGCATG

TGCACA

TGCACT

TGCACC

TGCACG

TGCAGA TGCAGT

TGCAGC
TGCAGG

TGCTAATGCTAT
TGCTAC

TGCTAG
TGCTTA

TGCTTTTGCTTCTGCTTG

TGCTCA TGCTCTTGCTCCTGCTCG
TGCTGATGCTGTTGCTGC TGCTGG

TGCCAA

TGCCATTGCCAC

TGCCAG

TGCCTA

TGCCTT

TGCCTC

TGCCTG

TGCCCA

TGCCCT
TGCCCC

TGCCCG

TGCCGA
TGCCGT

TGCCGC

TGCCGG

TGCGAA

TGCGAT
TGCGAC
TGCGAG

TGCGTATGCGTTTGCGTCTGCGTG
TGCGCA

TGCGCT

TGCGCCTGCGCG

TGCGGA
TGCGGT

TGCGGC
TGCGGG

TGGAAA

TGGAATTGGAAC

TGGAAG

TGGATA
TGGATT

TGGATC
TGGATG

TGGACA TGGACT

TGGACC
TGGACG

TGGAGA

TGGAGT
TGGAGC

TGGAGG

TGGTAA

TGGTAT
TGGTAC

TGGTAG

TGGTTA

TGGTTT

TGGTTC

TGGTTG

TGGTCA
TGGTCTTGGTCC

TGGTCG

TGGTGA

TGGTGT
TGGTGC

TGGTGG

TGGCAA
TGGCATTGGCAC

TGGCAG

TGGCTA

TGGCTT
TGGCTCTGGCTG

TGGCCA

TGGCCT

TGGCCC TGGCCG

TGGCGA

TGGCGTTGGCGC

TGGCGG

TGGGAA

TGGGATTGGGAC

TGGGAG

TGGGTA

TGGGTT
TGGGTC

TGGGTG

TGGGCA

TGGGCT

TGGGCC

TGGGCG

TGGGGA

TGGGGT
TGGGGC

TGGGGG

CAAAAA
CAAAAT

CAAAAC
CAAAAG

CAAATACAAATTCAAATC
CAAATG

CAAACA

CAAACTCAAACC

CAAACG
CAAAGA

CAAAGTCAAAGC
CAAAGG

CAATAA
CAATATCAATAC

CAATAG

CAATTACAATTTCAATTC
CAATTG

CAATCA

CAATCTCAATCC

CAATCGCAATGACAATGTCAATGC
CAATGG

CAACAA

CAACATCAACAC

CAACAG

CAACTA

CAACTT

CAACTCCAACTG

CAACCACAACCTCAACCCCAACCG

CAACGA

CAACGT
CAACGC

CAACGG

CAAGAA
CAAGATCAAGAC

CAAGAG

CAAGTA

CAAGTTCAAGTC

CAAGTG

CAAGCA

CAAGCT
CAAGCC

CAAGCG

CAAGGA

CAAGGTCAAGGC

CAAGGG

CATAAA

CATAAT

CATAACCATAAG

CATATA
CATATTCATATC

CATATG

CATACACATACT
CATACC

CATACG

CATAGA

CATAGTCATAGC
CATAGG

CATTAA

CATTATCATTAC

CATTAG

CATTTA
CATTTT

CATTTC

CATTTG

CATTCA

CATTCT

CATTCC

CATTCG

CATTGA

CATTGT
CATTGC

CATTGG

CATCAA

CATCAT
CATCAC

CATCAG

CATCTA

CATCTT

CATCTC

CATCTG

CATCCA

CATCCTCATCCC

CATCCG

CATCGA

CATCGT

CATCGCCATCGG

CATGAA
CATGAT

CATGAC

CATGAG

CATGTA

CATGTTCATGTC

CATGTG

CATGCA
CATGCT CATGCC

CATGCG

CATGGA

CATGGT
CATGGC

CATGGG

CACAAA

CACAAT
CACAAC

CACAAG

CACATACACATTCACATC
CACATG

CACACA
CACACT
CACACC

CACACG

CACAGA
CACAGT
CACAGCCACAGG

CACTAA

CACTATCACTAC

CACTAG

CACTTA
CACTTTCACTTC

CACTTG

CACTCA
CACTCTCACTCCCACTCG CACTGACACTGTCACTGC CACTGG

CACCAA

CACCATCACCAC

CACCAG

CACCTA

CACCTT
CACCTC

CACCTG

CACCCA

CACCCT
CACCCC

CACCCG

CACCGA

CACCGTCACCGC

CACCGG

CACGAA
CACGATCACGAC

CACGAG

CACGTACACGTTCACGTC

CACGTGCACGCA

CACGCT

CACGCC
CACGCG

CACGGACACGGT
CACGGC

CACGGG

CAGAAA

CAGAAT
CAGAAC

CAGAAG

CAGATA

CAGATTCAGATC

CAGATG

CAGACA
CAGACTCAGACC

CAGACG

CAGAGACAGAGTCAGAGC
CAGAGG

CAGTAA

CAGTATCAGTAC

CAGTAG

CAGTTA

CAGTTT
CAGTTC

CAGTTG

CAGTCA

CAGTCT

CAGTCC

CAGTCG

CAGTGA
CAGTGTCAGTGC

CAGTGGCAGCAA
CAGCATCAGCAC

CAGCAG

CAGCTA

CAGCTT
CAGCTC

CAGCTG

CAGCCA
CAGCCT

CAGCCC

CAGCCG

CAGCGA
CAGCGTCAGCGC

CAGCGG

CAGGAA

CAGGATCAGGAC

CAGGAG

CAGGTA CAGGTT
CAGGTC

CAGGTG
CAGGCA

CAGGCT

CAGGCC

CAGGCG

CAGGGA

CAGGGT
CAGGGC

CAGGGG

CTAAAA

CTAAAT
CTAAACCTAAAG

CTAATA
CTAATT

CTAATC
CTAATG CTAACA

CTAACT
CTAACCCTAACG

CTAAGA

CTAAGTCTAAGC

CTAAGG

CTATAA

CTATAT
CTATAC

CTATAG

CTATTA

CTATTT
CTATTC

CTATTG

CTATCA

CTATCT

CTATCC

CTATCG

CTATGA

CTATGTCTATGC

CTATGG

CTACAA

CTACAT
CTACAC

CTACAG

CTACTA

CTACTTCTACTC
CTACTG

CTACCA
CTACCT

CTACCC
CTACCG

CTACGA
CTACGTCTACGC

CTACGG

CTAGAA

CTAGATCTAGAC

CTAGAG

CTAGTA

CTAGTT
CTAGTC

CTAGTG

CTAGCA
CTAGCT

CTAGCC

CTAGCG

CTAGGA

CTAGGT
CTAGGC

CTAGGG

CTTAAA

CTTAAT
CTTAACCTTAAG

CTTATACTTATTCTTATCCTTATG CTTACA
CTTACTCTTACC

CTTACG
CTTAGACTTAGTCTTAGCCTTAGG

CTTTAA

CTTTATCTTTAC
CTTTAG

CTTTTA

CTTTTT

CTTTTC

CTTTTG
CTTTCA

CTTTCTCTTTCC

CTTTCG

CTTTGA
CTTTGTCTTTGCCTTTGG

CTTCAA
CTTCAT

CTTCAC

CTTCAG
CTTCTA

CTTCTT
CTTCTC
CTTCTG

CTTCCA
CTTCCT

CTTCCC

CTTCCG

CTTCGA
CTTCGT

CTTCGC

CTTCGG

CTTGAA
CTTGATCTTGAC

CTTGAG

CTTGTA

CTTGTT

CTTGTC

CTTGTG

CTTGCA

CTTGCT
CTTGCC

CTTGCG

CTTGGA
CTTGGT
CTTGGC

CTTGGG

CTCAAA

CTCAATCTCAAC

CTCAAG

CTCATA
CTCATT

CTCATC

CTCATG
CTCACA

CTCACTCTCACC

CTCACG

CTCAGA
CTCAGT

CTCAGC

CTCAGG

CTCTAA
CTCTATCTCTAC
CTCTAG

CTCTTA
CTCTTTCTCTTC

CTCTTG

CTCTCA
CTCTCTCTCTCC

CTCTCG

CTCTGA
CTCTGTCTCTGC

CTCTGG

CTCCAA
CTCCATCTCCAC

CTCCAG

CTCCTA

CTCCTTCTCCTC

CTCCTG

CTCCCA

CTCCCT
CTCCCC

CTCCCG

CTCCGA
CTCCGTCTCCGC

CTCCGG

CTCGAA

CTCGAT

CTCGAC

CTCGAG

CTCGTA

CTCGTT
CTCGTC

CTCGTG

CTCGCA

CTCGCT

CTCGCC

CTCGCG

CTCGGA
CTCGGTCTCGGC

CTCGGG

CTGAAA

CTGAAT

CTGAAC

CTGAAG

CTGATA

CTGATTCTGATC

CTGATG

CTGACA
CTGACT

CTGACC

CTGACG

CTGAGA CTGAGTCTGAGC
CTGAGG

CTGTAA

CTGTATCTGTAC
CTGTAG

CTGTTA

CTGTTT

CTGTTC

CTGTTG
CTGTCA

CTGTCT

CTGTCC

CTGTCG

CTGTGA CTGTGTCTGTGC

CTGTGGCTGCAA

CTGCAT
CTGCAC

CTGCAG

CTGCTA
CTGCTTCTGCTCCTGCTG

CTGCCA

CTGCCT

CTGCCC

CTGCCG

CTGCGA

CTGCGTCTGCGC
CTGCGG

CTGGAA

CTGGATCTGGAC

CTGGAG

CTGGTA

CTGGTT

CTGGTC
CTGGTG

CTGGCA
CTGGCT

CTGGCC

CTGGCG

CTGGGA

CTGGGT
CTGGGC CTGGGG

CCAAAA

CCAAATCCAAAC

CCAAAG

CCAATA

CCAATT

CCAATC

CCAATG

CCAACA

CCAACT
CCAACC

CCAACG

CCAAGACCAAGTCCAAGCCCAAGG

CCATAA

CCATAT
CCATAC

CCATAG

CCATTA

CCATTT
CCATTC

CCATTG

CCATCA

CCATCT
CCATCC

CCATCG

CCATGA

CCATGT
CCATGC

CCATGG

CCACAA
CCACAT
CCACAC

CCACAG

CCACTA
CCACTTCCACTCCCACTG

CCACCA

CCACCT
CCACCC

CCACCG

CCACGACCACGTCCACGC
CCACGG

CCAGAA
CCAGAT

CCAGAC

CCAGAG

CCAGTA

CCAGTTCCAGTC

CCAGTG
CCAGCA

CCAGCT

CCAGCC
CCAGCG

CCAGGA

CCAGGTCCAGGC

CCAGGG

CCTAAA

CCTAAT

CCTAAC

CCTAAG

CCTATA

CCTATT

CCTATC

CCTATG

CCTACA

CCTACT

CCTACC

CCTACG

CCTAGA
CCTAGT
CCTAGC

CCTAGG

CCTTAA

CCTTATCCTTACCCTTAG

CCTTTA

CCTTTTCCTTTC

CCTTTG

CCTTCA

CCTTCTCCTTCC

CCTTCG

CCTTGA
CCTTGTCCTTGC

CCTTGG

CCTCAACCTCATCCTCACCCTCAG
CCTCTA

CCTCTTCCTCTC

CCTCTG

CCTCCA

CCTCCT
CCTCCC

CCTCCG

CCTCGA
CCTCGTCCTCGC

CCTCGG

CCTGAA

CCTGAT

CCTGAC

CCTGAG

CCTGTA

CCTGTT

CCTGTC

CCTGTG

CCTGCA

CCTGCT
CCTGCC

CCTGCG

CCTGGA

CCTGGT
CCTGGC

CCTGGG

CCCAAA
CCCAATCCCAAC

CCCAAG

CCCATA
CCCATT

CCCATC

CCCATG

CCCACA
CCCACTCCCACC

CCCACG

CCCAGACCCAGTCCCAGC
CCCAGG

CCCTAACCCTATCCCTACCCCTAG

CCCTTA
CCCTTT

CCCTTCCCCTTG

CCCTCACCCTCT
CCCTCCCCCTCG

CCCTGACCCTGTCCCTGCCCCTGG

CCCCAA

CCCCAT

CCCCACCCCCAG

CCCCTA

CCCCTT

CCCCTC
CCCCTG

CCCCCA

CCCCCT

CCCCCC

CCCCCG

CCCCGA
CCCCGT

CCCCGC
CCCCGG

CCCGAA
CCCGAT

CCCGACCCCGAG

CCCGTA
CCCGTTCCCGTC
CCCGTG

CCCGCA
CCCGCT

CCCGCC

CCCGCG

CCCGGACCCGGTCCCGGC CCCGGG

CCGAAA

CCGAAT

CCGAACCCGAAG

CCGATA

CCGATTCCGATC

CCGATG

CCGACA

CCGACT
CCGACC

CCGACG

CCGAGA

CCGAGT
CCGAGC

CCGAGG

CCGTAA
CCGTAT

CCGTAC
CCGTAG

CCGTTA

CCGTTT

CCGTTC
CCGTTG

CCGTCA

CCGTCT

CCGTCC
CCGTCG

CCGTGA
CCGTGT

CCGTGC
CCGTGG

CCGCAACCGCAT
CCGCACCCGCAG

CCGCTA

CCGCTT

CCGCTCCCGCTG

CCGCCA

CCGCCT

CCGCCC

CCGCCG

CCGCGA
CCGCGT

CCGCGCCCGCGG

CCGGAA

CCGGAT

CCGGAC

CCGGAG

CCGGTA

CCGGTT

CCGGTC

CCGGTGCCGGCACCGGCT

CCGGCC

CCGGCG

CCGGGA

CCGGGTCCGGGC

CCGGGG

CGAAAA

CGAAAT

CGAAAC
CGAAAG

CGAATACGAATT
CGAATC

CGAATG

CGAACACGAACT

CGAACCCGAACG

CGAAGA

CGAAGTCGAAGC

CGAAGG

CGATAA
CGATATCGATAC

CGATAG

CGATTA
CGATTT

CGATTC

CGATTG

CGATCACGATCT
CGATCCCGATCG

CGATGA
CGATGT

CGATGC
CGATGG

CGACAA
CGACAT

CGACAC CGACAG

CGACTA

CGACTT

CGACTC
CGACTG

CGACCA

CGACCT

CGACCC

CGACCG

CGACGACGACGT
CGACGCCGACGG

CGAGAA

CGAGATCGAGAC

CGAGAG

CGAGTA

CGAGTT

CGAGTC

CGAGTG

CGAGCA

CGAGCTCGAGCC

CGAGCG

CGAGGA

CGAGGT
CGAGGC

CGAGGG

CGTAAA

CGTAAT
CGTAAC CGTAAG

CGTATA

CGTATT

CGTATCCGTATG

CGTACA
CGTACTCGTACC

CGTACG
CGTAGA

CGTAGT
CGTAGCCGTAGG

CGTTAA

CGTTAT
CGTTAC

CGTTAG

CGTTTACGTTTT

CGTTTC

CGTTTG

CGTTCA

CGTTCT

CGTTCC

CGTTCG

CGTTGA

CGTTGT

CGTTGC
CGTTGG

CGTCAA
CGTCAT

CGTCACCGTCAG

CGTCTA

CGTCTT
CGTCTC

CGTCTG

CGTCCA

CGTCCT

CGTCCC

CGTCCG

CGTCGA
CGTCGTCGTCGCCGTCGG

CGTGAA CGTGAT

CGTGACCGTGAG
CGTGTACGTGTT

CGTGTC

CGTGTG
CGTGCA

CGTGCT
CGTGCC

CGTGCGCGTGGA

CGTGGT
CGTGGC

CGTGGG

CGCAAA

CGCAAT
CGCAAC

CGCAAG

CGCATA
CGCATT
CGCATC

CGCATG

CGCACA

CGCACT

CGCACC

CGCACG

CGCAGA
CGCAGT

CGCAGC
CGCAGG

CGCTAA

CGCTAT
CGCTAC

CGCTAG

CGCTTA

CGCTTT CGCTTC CGCTTG

CGCTCA CGCTCT
CGCTCCCGCTCG

CGCTGACGCTGTCGCTGCCGCTGG

CGCCAA

CGCCATCGCCAC

CGCCAG

CGCCTA

CGCCTT

CGCCTC

CGCCTG

CGCCCA

CGCCCT

CGCCCC

CGCCCG

CGCCGA
CGCCGT

CGCCGC

CGCCGG

CGCGAA
CGCGATCGCGAC
CGCGAG

CGCGTA
CGCGTTCGCGTCCGCGTGCGCGCA

CGCGCT

CGCGCC
CGCGCG

CGCGGA
CGCGGT

CGCGGCCGCGGG

CGGAAA

CGGAATCGGAAC

CGGAAG

CGGATACGGATT

CGGATCCGGATG
CGGACA CGGACT

CGGACC
CGGACG

CGGAGA

CGGAGT
CGGAGC

CGGAGG

CGGTAA

CGGTAT

CGGTAC
CGGTAG

CGGTTA

CGGTTT

CGGTTC

CGGTTG

CGGTCA
CGGTCTCGGTCC

CGGTCG

CGGTGA

CGGTGT
CGGTGC

CGGTGG

CGGCAA
CGGCATCGGCACCGGCAG

CGGCTA

CGGCTT

CGGCTCCGGCTG

CGGCCA

CGGCCT

CGGCCC CGGCCG

CGGCGA

CGGCGT
CGGCGC

CGGCGG

CGGGAA

CGGGAT
CGGGAC

CGGGAG

CGGGTA

CGGGTT

CGGGTC

CGGGTG

CGGGCA

CGGGCT

CGGGCC

CGGGCG

CGGGGA

CGGGGT

CGGGGC

CGGGGG

GAAAAAGAAAATGAAAACGAAAAG

GAAATAGAAATTGAAATCGAAATG

GAAACA
GAAACTGAAACCGAAACG

GAAAGA
GAAAGTGAAAGCGAAAGG

GAATAAGAATATGAATACGAATAG

GAATTA

GAATTTGAATTC
GAATTG

GAATCAGAATCT
GAATCC

GAATCGGAATGA

GAATGTGAATGC
GAATGG

GAACAA

GAACATGAACAC

GAACAG

GAACTA

GAACTT
GAACTC

GAACTG GAACCA

GAACCTGAACCC
GAACCG

GAACGA
GAACGTGAACGC
GAACGG

GAAGAA
GAAGATGAAGAC
GAAGAG

GAAGTA
GAAGTT

GAAGTC

GAAGTG

GAAGCAGAAGCTGAAGCC

GAAGCG

GAAGGA

GAAGGTGAAGGC

GAAGGG

GATAAA

GATAATGATAAC
GATAAG

GATATAGATATT

GATATC
GATATG

GATACA

GATACTGATACC
GATACG

GATAGA GATAGTGATAGCGATAGG

GATTAA

GATTATGATTAC

GATTAG

GATTTAGATTTT

GATTTC
GATTTG

GATTCA

GATTCT
GATTCC

GATTCG

GATTGA

GATTGT
GATTGC

GATTGG

GATCAA
GATCATGATCACGATCAG

GATCTA

GATCTT
GATCTC

GATCTG

GATCCA

GATCCT

GATCCC

GATCCG

GATCGAGATCGTGATCGC
GATCGG

GATGAA GATGATGATGAC

GATGAG

GATGTA

GATGTT

GATGTC

GATGTG

GATGCA GATGCTGATGCC

GATGCG

GATGGA
GATGGTGATGGC

GATGGG

GACAAA

GACAAT
GACAACGACAAG

GACATAGACATTGACATC
GACATG

GACACA

GACACT
GACACC

GACACG

GACAGA GACAGT
GACAGC

GACAGG

GACTAA
GACTATGACTACGACTAG

GACTTA
GACTTTGACTTCGACTTG

GACTCA GACTCTGACTCCGACTCG
GACTGAGACTGT

GACTGC
GACTGG

GACCAA

GACCATGACCAC

GACCAG

GACCTAGACCTT
GACCTC

GACCTGGACCCA

GACCCTGACCCC

GACCCG

GACCGAGACCGT

GACCGC

GACCGG

GACGAA

GACGAT

GACGACGACGAG

GACGTAGACGTT
GACGTC

GACGTG
GACGCA

GACGCT

GACGCCGACGCG

GACGGA

GACGGTGACGGC

GACGGG

GAGAAA

GAGAATGAGAAC

GAGAAG

GAGATA
GAGATTGAGATC

GAGATG

GAGACA
GAGACTGAGACC

GAGACG

GAGAGA

GAGAGT
GAGAGCGAGAGG

GAGTAAGAGTAT
GAGTAC

GAGTAG

GAGTTA

GAGTTT

GAGTTC

GAGTTG

GAGTCA

GAGTCT

GAGTCC

GAGTCG

GAGTGA GAGTGT
GAGTGC

GAGTGG

GAGCAA

GAGCATGAGCACGAGCAG

GAGCTA

GAGCTT

GAGCTC
GAGCTG

GAGCCA

GAGCCT
GAGCCC

GAGCCG

GAGCGAGAGCGTGAGCGC

GAGCGG

GAGGAA

GAGGATGAGGAC

GAGGAG

GAGGTA GAGGTT
GAGGTC

GAGGTG
GAGGCA

GAGGCT
GAGGCC

GAGGCG

GAGGGA

GAGGGT
GAGGGC

GAGGGG

GTAAAA

GTAAATGTAAAC
GTAAAG

GTAATAGTAATT
GTAATC GTAATG GTAACAGTAACT

GTAACC
GTAACG

GTAAGA

GTAAGT
GTAAGC

GTAAGG

GTATAA

GTATAT
GTATAC

GTATAG

GTATTA

GTATTTGTATTC

GTATTG

GTATCA

GTATCT

GTATCC

GTATCG

GTATGA

GTATGT
GTATGC

GTATGG

GTACAA

GTACATGTACAC

GTACAG

GTACTA

GTACTT
GTACTC

GTACTG

GTACCA

GTACCT

GTACCC

GTACCG

GTACGA

GTACGTGTACGC
GTACGG

GTAGAA

GTAGATGTAGAC

GTAGAG
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Figure 3: Detailed t-SNE visualization of the embedding space learned by DNABERT with overlapping tok-
enization. The first plot is the clustering of the central two nucleotides. The second and the third plot is the
clustering of marginal nucleotides. The fourth plot is an illustration of the tokens in a specific cluster

Upon closer examination on Figure 3, we observe that each major cluster corresponds to the clus-
tering of the central two nucleotides of each token and the distribution of tokens within the cluster is
determined by the marginal nucleotides. We refer to these central two nucleotides in each token as
the ”representative elements” of the token. These representative elements establish the crucial one-
to-one correspondence between tokens and nucleotides, which serves as the key factor contributing
to the superior performance of overlapping tokenization.

We now give an intuitive analysis of the convergence of the two models. The rapid convergence and
exceptionally low loss value of DNABERT with overlapping tokenization demonstrate the model’s
proficiency in solving the MLM task. However, it also implies that the pretraining task is too easy,
leading to early overfitting. Nevertheless, The model’s ability to recognize representative elements
and utilizing the highly organized embedding space allow it to efficiently narrow down the search
scope and accurately identify masked tokens. Consequently, the model effortlessly accomplishes the
original MLM task, as masking six tokens is essentially equivalent to masking a single nucleotide,
which is a relatively simple task.

3.2.2 ATTENTION ANALYSIS

Observation 3:
• Within the original MLM setting, overlapping tokenization leads to undertrained

intermediate layers of the pretrained model, with the final layer focusing on a few
nearby tokens. This indicates the existence of a shortcut, where the model heavily
relies on the final layer to memorize mappings to the prediction.

As previously discussed, the rapid convergence and exceptionally low loss value of DNABERT with
overlapping tokenization implies that the original MLM task is too simple for the model. This raises
the possibility that the model has not been extensively trained, potentially limiting its ability to reach
its full potential. In this section, we delve deeper into the analysis of the behavior of both models to
validate the proposal and gain further insights

We visualize their attention machanism. The results are shown in Figure 4. We observe that the inter-
mediate attention machanisms of DNABERT with overlapping tokenization are overly concentrated
on the first token, namely the CLS token, with only the final layer focusing on a few nearby tokens.
On the other hand, the attention machanism of DNABERT with non-overlapping tokenization are
more evenly and diversely distributed across the sequence.

This phenomenon suggests that the model with overlapping tokenization effectly learns a shortcut,
whereby it only relies on the final layer to memorize a limited set of mappings from nearby tokens
to the output predicitons. Therefore, the intermediate layers remain mostly untrained. For model
with non-overlapping tokenization, since the nearby tokens have no explicit information about the
masked token, this shortcut is not available.
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Figure 4: The attention mechanism of DNABERT with overlapping tokenization (a, b) and non-overlapping
tokenization (d). We train DNABERT with RandomMask (c). The attention mechanism in intermediate layers
mainly focuses on the first token, namely the CLS token, with only the final layer focusing on a few nearby
tokens. RandomMask can addresses this issues. The attention machanism of DNABERT with non-overlapping
tokenization exhibits a more diverse and evenly distribution across the sequence.

4 METHOD

Our method randomly expands the masking boundaries during the MLM pre-training stage, so we
call it RandomMask.

Tokenizer Method: We adopt 6-mer overlapping tokenization for pretraining and funetuning, as de-
lineated earlier, given its prowess in capturing a richer set of DNA sequence features. However, due
to the accelerated convergence associated with the 6-mer overlapping tokenization during the pre-
training phase, the model may experience insufficient training, thereby considerably constraining its
performance. Consequently, we introduce a novel pre-training strategy.

Pre-training Strategy: To mitigate the
drawbacks of overlapping tokenization
during the pre-training phase, we need
to progressively expand the masking
boundary centered around the masking
point, thereby pushing the model to con-
tinuously learn. Inspired by the curricu-
lum learning strategy in Bengio et al.
(2009), we segmented the 480k pre-
training steps of DNABERT with 6-mer
overlapping tokenization into five dis-
tinct phases. To ensure training stabil-
ity, the length of consecutive mask to-
kens is randomly chosen between the
minimum and maximum values. The
minimum length of consecutive masks
is set to 6, and the maximum length
increases by increments of 2 at each
stage. Specifically, in the training step
S, the MaskID of a DNA tokens se-
quence X = (x1, x2, . . . , xn) are ob-
tained through Algorithm 1, where P
is a pre-defined probability value, e.g.,
P = 2.5%. Then, we can get mask to-
kens {xi | i ⊆MaskID} for MLM pre-
training.

Algorithm 1 RandomMask

1: procedure RANDOMMASK(X,S, P )
2: Initialize empty set MaskID and masks← [6]
3: Initialize steps← [30k, 60k, 100k, 150k, 480k]
4: for i = 0 to 3 do
5: if steps[i] < S ≤ steps[i+ 1] then
6: masks← [6, 8, . . . , 6 + 2(i+ 1)]
7: end if
8: end for
9: m← uniformly select from masks

10: for i = 0 to len(X)− 1 do
11: Generate a real number r ∼ U(0, 1)
12: if r ≤ P then
13: start← i−m/2 + 1
14: end← i+m/2
15: for i = start to end do
16: if 0 ≤ i ≤ len(X)− 1 then
17: Add i to MaskID
18: end if
19: end for
20: end if
21: end for
22: return (X,MaskID)
23: end procedure
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The Loss of overlapping tokenization with RandomMask.
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Figure 5: The loss curves with t-SNE visualizations of the embedding spaces during the training of DNABERT
with overlapping tokenization and RandomMask.

The loss curves and attention weight of RandomMask: Figure 5 shows the training curve of
overlapping DNABERT under RandomMask. It can be observed that after expanding the mask
boundary in each phase, the loss value significantly increases, and the training curve for that phase
shows a decline, indicating that the model is continuously learning. From the model’s perspective,
Figure 4(c) reveals that the intermediate layers of the model are trained with the use of RandomMask.
Furthermore, we can witness a substantial performance boost in downstream tasks.

5 EXPERIMENTS

We train a Bert-like model on Human Genome (Gibbs, 2020) using the proposed RandomMask and
evaluate it on seven downstream benchmark tasks consisting of 28 datasets in total. To ensure a fair
comparison, all experiments are carried out using identical settings.

5.1 EXPERIMENTAL SETUP

Architecture: Our backbone network is designed following the configuration used in DNABERT
(Ji et al., 2021), consiting of 12 Transformer Encoder layers with 768 hidden units and 12 self-
attention heads. We adopt overlapping 6-mer tokenization method. The vocabulary size is 4,101,
with 4,096 tokens representing the combinations of the four nucleotides in 6-mer arrangements and
the remaining 5 tokens are reserved for special purposes.

Pretraining: For NT, hyenaDNA, and DNABERT, we used the pre-training weights available by
the authors. For the DNABERT using RandomMask, we only modified the strategy for masking
with RandomMask. Other settings, such as the model structure, training steps, and learning rate,
remained consistent with DNABERT’s settings.

Finetuning: We evalutate the models on seven downstream tasks consisting 28 datasets in total:
Epigenetic Marks Prediction (EMP) (Pokholok et al., 2005; Phaml et al., 2005), Transcription Fac-
tor Prediction on the human genome and mouse genome (TF-H and TF-M), Promoter Detection
(PD) (Oubounyt et al., 2019), Core Promoter Detection (CPD), Splice Site Prediction (SSP) (Wang
et al., 2019), and Enhancer Activity Prediction (EAP). The majoriry of the data is from the GUE
benchmark collected and proposed by Zhou et al. (2023), except for Enhancer Activity Prediction
(EAP) from DeepSTARR (de Almeida et al., 2022). The hyperparameter setting for finetuning is
adapted from Zhou et al. (2023) and Nguyen et al. (2023).

Baseline: For comparison, the following recent methods are chosen: DNABERT (Ji et al., 2021),
Nucleotide Transformer (Dalla-Torre et al., 2023) and HyenaDNA (Nguyen et al., 2023). All models
are trained on human genome and fine-tuned on the benchmark datasets with identical settings.

5.2 RESULTS

The results are shown in Table 3. Notably, RandomMask consistently outperforms the other methods
on all seven benchmark tasks, achieving state-of-the-art performance in 26 out of 28 datasets.

For instance, when predicting epigenetic marks using sequence information alone, our method
achieved an average Matthews Correlation Coefficient (MCC) of 65.83, surpassing the previous
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Table 3: Performance of Different Methods on Seven Benchmark Downstream Tasks.

Dataset Epigenetic Marks Prediction (EMP)

H3 H3K14ac H3K36me3 H3K4me1 H3K4me2 H3K4me3 H3K79me3

NT 69.67 33.55 44.14 37.15 30.87 24.06 58.53
NT* 72.60 39.11 44.25 35.47 27.59 23.49 59.14

HyenaDNA 77.57 61.80 59.71 49.82 44.86 58.17 65.74
DNABERT 75.82 48.07 51.52 43.92 31.01 37.13 58.98

+RandomMask 77.62 65.07 63.68 54.47 53.88 62.19 72.67

Dataset Epigenetic Marks Prediction (EMP)

H3K9ac H4 H4ac avg. Enhancer Splice Site

NT 45.81 76.17 33.74 45.37 38.94 80.39
NT* 51.39 77.07 34.54 46.47 64.67 84.34

HyenaDNA 63.37 74.53 54.50 61.01 63.34 81.48
DNABERT 52.07 77.85 41.74 51.81 68.43 85.44

+RandomMask 65.02 79.44 64.22 65.83 69.56 87.20

Dataset Transcription Factor Prediction (Mouse) Core Promoter Detection

0 1 2 3 4 avg. notata tata all

NT 31.04 75.04 64.67 29.17 29.27 45.84 66.58 71.91 63.01
NT* 50.54 77.73 78.05 61.01 42.64 61.99 68.71 73.90 68.55

HyenaDNA 47.55 79.85 74.58 58.77 41.81 60.51 63.77 64.16 63.97
DNABERT 46.27 78.84 74.41 59.04 43.45 60.40 71.88 76.06 70.47

+RandomMask 55.61 82.72 77.61 74.06 49.81 67.96 70.24 76.65 70.89

Dataset Transcription Factor Prediction (Human) Promoter Detection

0 1 2 3 4 avg. notata tata all

NT 61.59 66.75 53.58 42.95 60.81 57.14 78.07 90.75 87.71
NT* 66.95 67.29 62.20 47.29 76.03 63.95 93.37 80.49 90.88

HyenaDNA 60.96 56.68 60.66 51.01 72.73 60.41 53.19 85.14 91.55
DNABERT 67.06 69.83 61.78 47.08 74.77 64.10 93.05 61.56 90.48

+RandomMask 67.13 72.55 71.64 60.14 77.20 69.73 93.40 84.03 92.74

best SOTA by 4.72% and DNABERT without RandomMask by 14.02%. In the case of enhancer
activity prediction and splice site prediction, we reported a Pearson Correlation Coefficient (PCC)
of 69.56% and an MCC of 87.20%, whereas the baseline achieved 68.43% and 85.44% respectively.

On transcription factor prediction, Regarding transcription factor prediction, our method demon-
strated an improvement of 5.97% for mouse and 5.63% for human datasets. For promoter detection
and core promoter detection, our approach outperformed other methods on 4 out of 6 datasets and
achieved competitive performance on the remaining two datasets.

In conclusion, the application of the RandomMask strategy with overlapping tokenization signifi-
cantly enhances the performance across various DNA downstream tasks.

6 CONCLUSION

While overlapping tokenization offers distinct advantages in fine-tuning for downstream tasks, its
propensity for fast convergence can hinder comprehensive pretraining. RandomMask emerges as a
potent solution, leveraging adaptive masking to push models to learn more effectively and deeply.
By continuously increasing task difficulty and expanding mask boundaries, RandomMask ensures
that models are well-equipped to handle both the nuances and broad patterns in DNA sequences.
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