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Token embeddings in a multidimensional space
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Transformer architecture « Attention Is All You Need »

• 2017 and already on track tobecome one of the most citedarticles (>240k)
• Design for translation purposes
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Token embeddings updated through the self-attention mechanism

girl*

an elderly girl* wearing a crown

LLM have thousands of dimensions

In-context learning, look at everything, but not equally
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Next token prediction

an elderly girl wearing a crown ......
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Next token prediction

an elderly girl wearing a crown ......
v
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Next token prediction

an elderly girl wearing a crown ......

was(15%)said (10%)loves (5%)played (3.75%)wrote (3%)goes (2.5%)thinks (2%)
v
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Next token prediction

an elderly girl wearing a crown ......

was(15%)said (10%)loves (5%)played (3.75%)wrote (3%)goes (2.5%)thinks (2%)

wrote

v
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Next token prediction are biased
decided (15%)fought (10%)went (5%)became (3.75%)with (3%)invaded (2.5%)killed (2%)

fought

an elderly boy wearing a crown ......
v
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« Attention Is All You Need »
Given a prompt:

token

Ruler, 2016https://www.ruder.io/word-embeddings-1/
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« Attention Is All You Need »
Given a prompt:

Billions of trainedweights in the model

token

Feed forward

• Passes through dozens oftransformer layers.
• Each layer captures moreand more information aboutthe links between tokens

TRANSFORMER
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« Attention Is All You Need »
Given a prompt:

Billions of trainedweights in the model

Tokens represented in amultidimensional space« embeddings »

token

Feed forward

Predicts next tokens

• Passes through dozens oftransformer layers.
• Each layer captures moreand more information aboutthe links between tokens

Encoder-only Encoder-Decoder Decoder-only

TRANSFORMER

Translate into another language
Ruder, 2016https://www.ruder.io/word-embeddings-1/
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Large Language of Life Models (LLLM) as suggested by Eric Topol

Rannon et al. 2025https://doi.org/10.48550/arXiv.2506.02212

• BioMedLM• PubMedBERT• BioBERT• ChatGPT/Claude/Gemini...

• ESM 1 ⇨ 2 ⇨3• ProteinBERT• ProtMamba• ProtT5

• DNABERT ⇨ 2 ⇨ S• Nucleotide Transformer• Evo 1 ⇨ 1.5 ⇨ 2

• gLM• Bacformer / panBART• ANR project PanGAIMiX

LLM

pLM

gLM

gLM

Meriem Youssef Gaspar Roy

https://doi.org/10.48550/arXiv.2506.02212
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Large Language of Life Models (LLLM) as suggested by Eric Topol
• BioMedLM• PubMedBERT• BioBERT• ChatGPT/Claude/Gemini...

• ESM 1 ⇨ 2 ⇨3• ProteinBERT• ProtMamba• ProtT5

• DNABERT ⇨ 2 ⇨ S• Nucleotide Transformer• Evo 1 ⇨ 1.5 ⇨ 2

• gLM• Bacformer / panBART• ANR project PanGAIMiX

LLM

pLM

gLM

gLM

Rannon et al. 2025https://doi.org/10.48550/arXiv.2506.02212
Meriem Youssef Gaspar Roy

https://doi.org/10.48550/arXiv.2506.02212
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Evo (November 2024)

Model size 7B
Context size(# of tokens/ bases) single-nucleotide resolution:131Kb or 8Kb
Architecture Decoder only: Striped Hyena

Training dataset Prokaryotic genomes /plasmids / phages
Training dataset size 315 billions

Training cost(estimation by myself atmarket price) 70k$
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Evo 1.5
• Same architecture but extending thepretraining dataset of Evo 1 (8k) +50%• Still on prokaryote/phage• from 315 billion tokens (75,000iterations) to 470 billion tokens(112,000 iterations)• Only an 8Kb version
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Evo generates novel functional anti-CRISPR proteins
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Evo generates novel functional anti-CRISPR proteins
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Evo generates novel functional anti-CRISPR proteins

• No homologywith any knowngene!
• Original creationfrom AI!
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Evo2
• As Evo1, built to predict the next token at single-nucleotide resolution• Uses an improved version 2 of Striped Hyena• Train on all available kinds of DNA (9.3 trillion DNA base pairs)• Context size goes to megabase scale• Training cost ~5-10 M$ (GPU + electricity only) ! 150×Alphafold2• Developed in direct collaboration with NVIDIA/Amazon

Evo1 Evo 1.5 Evo 2
Publication November2024 November2025 pre-print
Model size 7B 7B 1B, 7B, 40B
Context size(# of tokens/bases)

8 Kb or131 Kb 8 Kb 1 Mb
Architecture StripedHyena StripedHyena

StripedHyena 2

Trainingdataset
Prokaryoticgenomes /plasmids /phages

UpdatedEvo1database

Evo1 +All NCBIEukaryotes +Metagenome(MGnify)
Trainingdataset size 315billions 470billions 9300 billions
Trainingcost(estimation by myselfat market price)

70k$ 105k$ 6M$
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pre-print on BioRxiv (09/2025) :One of the easiest case scenario but still :• Phage ΦX174 (Microviridae)• Target E. coli cells• Abundant in databases• Very small: ~5Kb

• Zero-shot inference doesn’t work
⇨Supervised fine-tuning (SFT) strategy on Microviridaegenomes with soft prompting to introduce special token to‘control’ identity during inference

The claim: first working gLM-generated genome
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The claim: first working AI-generated genome
Evo-generated phages actually lyze E. coli genomes!
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Evo-generated phages actually lyze E. coli genomes!

The claim: first working AI-generated genome
...but even if modifications wereintroduced that were not so trivial, still itgenerates something not totally newcompared to the actual WT phage...
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Generative applications: DNA design up to bacterial genome scale

• Synthetic design: generate proteins, enzymes, operons, pathways, systems
• Promoter engineering: generate inducible / tunable promoters
• Anonymization: generate synthetic genomes preserving signal
• Benchmarking: generate realistic synthetic datasets, diversity normalization
• Pangenome compression/normalization : generate normalized representations
• Assembly gap filling (MAGs)
• Data augmentation
• Any other idea?

but are there actually working genomes?
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Sequence Generation and Alignment Analysis with Evo2

https://github.com/ArcInstitute/evo2/blob/main/notebooks/generation/generation_notebook.ipynb

https://github.com/ArcInstitute/evo2/blob/main/notebooks/generation/generation_notebook.ipynb
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Evo: transfer learning
A strategy exemplified on ICEs/IMEs.
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Integrative Conjugative Elements/Integrative Mobilizable Elements

Methods exist to detect them (e.g., ICEScreen), but they fail to generalizeoutside their reference database and to delineate elements precisely.
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Firmidata annotations
A total of 98 ICEs and 148 IMEs were manuallyannotated from Bacillota genomes

Clostridioides difficile 630 NC_009089.1Clostridioides difficile R20291 NC_013316.1Dehalobacterium formicoaceticum DMC NZ_CP022121.1Enterococcus faecalis V583 NC_004668.1Enterococcus faecium ISMMS_VRE_1 NZ_CP012430.1Faecalibacterium prausnitzii A2-165 NZ_CP048437.1Lacticaseibacillus paracasei LOCK919 NC_021721.1Lactococcus lactis IO-1 NC_020450.1Listeria monocytogenes SLCC2378 NC_018585.1Lachnoclostridium phocaeense Marseille-P3177T NZ_LT635479.1Lachnoclostridium sp. YL32 NZ_CP015399.2Roseburia hominis A2-183 NC_015977.1Streptococcus agalactiae 09mas018883 NC_021485.1Streptococcus agalactiae GD201008-001 NC_018646.1Streptococcus agalactiae NEM316 NC_004368.1Streptococcus anginosus C1051 NC_022244.1Streptococcus constellatus subsp. pharyngis C1050 NC_022238.1Streptococcus constellatus subsp. pharyngis C232 NC_022236.1Streptococcus dysgalactiae subsp. equisimilis ATCC 12394 NC_017567.1Streptococcus dysgalactiae subsp. equisimilis RE378 NC_018712.1

Streptococcus equi subsp. zooepidemicus MGCS10565NC_011134.1Streptococcus equi subsp. zooepidemicus ATCC35246NC_017582.1Streptococcus gallolyticus ATCCBAA-2069 NC_015215.1Streptococcus parasanguinis ATCC15912 NC_015678.1Streptococcus pneumoniae SPN034183 NC_021028.1Streptococcus pneumoniae P1031 NC_012467.1Streptococcus pyogenes MGAS2096 NC_008023.1Streptococcus pyogenes HKU QMH11M0907901NZ_AFRY01000001.1Streptococcus salivarius FDAARGOS_259NZ_CP020451.2Streptococcus salivarius ATCC 25975 NZ_CP015283.1Streptococcus salivarius JF NZ_CP014144.1Streptococcus suis BM407 NC_012926.1Streptococcus suis NSUI002 NZ_CP011419.1Streptococcus suis SC84 NC_012924.1Streptococcus suis ST1 NC_017950.1Streptococcus suis T15 NC_022665.1Streptococcus suis 05ZYH33 NC_009442.1Staphylococcus epidermidis ATCC12228 NC_004461.1Streptococcus thermophilus JIM8232 NC_017581.1Staphylococcus pseudintermedius HKU10-03 NC_014925.1
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Firmidata (training dataset)

FIRMIDATA

ICE/IMEs

Background

matched sizes(avoid data leakage)

VALIDATION DATASET

TRAINING DATASET

LEARNINGDATASET

2200 sequences20%

5550 sequences (0 to 8kb)

5550 sequences (0 to 8kb)

8880 sequences80%
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Firmidata transfer learning using Evo1.5

LEARNINGDATASET
EVO 1.5

Pooling:
both direction :- average- max– last token– max– average

nucleotide embeddings(n_dim=4096)
sequence embeddings(n_dim=24576)

...

...

...

...

[0–1] probability ofbeing an ICE/IMEs
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Firmidata transfer learning using Evo
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Firmidata transfer learning using Evo

This model also works on another dataset: ICEBerg (198/207 ICEs/IMEs correctly identified).
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Ongoing transfer learning experimentsusing a broader training dataset
Firmidata + ICEbergexperimental: distributionof ICEs and IMEs

Aliou Diallo,M2 student,StatInfOmics team
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Ongoing transfer learning experimentsusing a broader training dataset
Firmidata + ICEbergexperimental: distributionof ICEs and IMEs

Aliou Diallo,M2 student,StatInfOmics team

JOBIM 2026 Poster
0.01

0.02 0.01

0.01

external validation
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Evo2: Genome modeling and designacross all domains of life with Evo 2
When computational biology changes its scale
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Global UMAP of sequence diversity

• Depict the great prokaryoticdiversity
• The clustering doesn’t exactlymatch the expectedphylogeny especially forprokaryotes(could be a UMAP artifact)
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So many application layers
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Applications: zero-shot prediction of variant effects
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Towards an interpretable model: Sparse Auto-Encoder (SAE)
https://adamkarvonen.github.io/machine_learning/2024/06/11/sae-intuitions.html

+ sparsitypenaltyin the lossfunction
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Towards an interpretable model: Sparse Auto-Encoder (SAE)
https://adamkarvonen.github.io/machine_learning/2024/06/11/sae-intuitions.html

Features observed :
• Phage-associated elements
• ORFs and intergenic regions
• tRNAs and rRNAs
• α-helices and β-sheets
• Frameshift mutations
• Transcription-factor bindingmotifs
• Exon–intron signals (humangenomes used to annotate thewoolly mammoth genome)
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Conclusion
• Openly available, but requires several Nvidia A/H100 GPU to run Evo2 7B/40B (Running Evo 1/1.5 is easier)
→ User-friendly interface available (but limited to small prompts): https://arcinstitute.org/tools/evo/evo-designer
• Independant work on relevant tasks required ! ==> PhD thesis funded on this topic
• Ethical considerations to anticipate (biosecurity, misuses)

• Bioterrorism (eukaryotic viruses weren’t included in Evo2 but: what about fine tuning ?)
• Fake dataset pollution (SynGenome database of ‘generated genomes’), science integrity issues...

• Environmental concern if pre-training get again larger and larger (Evo 3 ?)
• Partially interpretable via Sparse AutoEncoders (explored in the Evo2 article)
• Multimodality : gLM X pPLM (gLM2, LucasOne)

• LLM x gLM : « Talk to your genome » (hard prompting strategies)
• ChatNT (NT X LLaMA, published Nature Machine Intelligence)
• BioReason (Evo2 x Qwen3 CoT/RAG LLM, preprint on Biorxiv)

• DNA Retrieval Augmented Generation / Retrieval Augmented Fine Tuning

https://arcinstitute.org/tools/evo/evo-designer
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Evo: not (exactly) a transformer

*

* provided you are NOT trying to process whole genomesat base scale without billion-dollar scale funding since:

Attention complexity is O(N2)
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Evo : not (exactly) a transformer

*
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Evo is based on Striped Hyena

*

v

k
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Evo is based on Striped Hyena
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Applications: experimentation-free prediction of sequence effects
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Much more applications
• Generative design of protein-RNA complexes

• Generative design of transposable biological systems

• Prediction of gene essentiality

• Evo generates megabase-scale sequences with plausible genomic architecture
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Generated sequence : what about homology with real sequences?

« ESMFold structure predictions of all protein-codingsequences from 100 to 1024 amino acids in length, asidentified by Prodigal.
The structure predictions are aligned to natural proteins,which are then mapped to associated GO molecularfunction terms (Materials and Methods).
The largest GO categories are displayed as clusters,alongside a large cluster containing all other proteins.ATP, adenosine triphosphate. »

⇨ why something so sophisticated withoutjust indicating the %id percent?
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Feedback on Evo 1
Evaluation of the credibility of the output
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Methodology
1. Sampling real sequences at

random position from 28 genomes
2. Each sequence is split into:

• a prompt (context)
• a reference

3. A sequence is generated from the
prompt using Evo with the same
length as the reference

4. The generated sequence is
aligned to the reference
(Gotoh global alignment, match: 1 ; open
gap: -5 ; mismatch/gap extension: -1)

Naïa Périnelle(M2 student)
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Results Evo 1 131k on E. coli
Species AverageNucleotide Identityin Prokaryotes 95%

Naïa Périnelle(M2 student)

50%
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Results Evo 1 131k on « unnamed cyanobacteria »
Species AverageNucleotide Identityin Prokaryotes 95%

Naïa Périnelle(M2 student)

50%
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Impact of temperature

+ top_p=1, top_k=4

context size: 1000sequence length: 100Naïa Périnelle(M2 student)
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Execution times On RTX A6000 (LabIA LISN Univ. Paris-Saclay)
Naïa Périnelle(M2 student)
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Credibility seems to be improved in Evo 1.5
And it leads to new unprecedented forms of life
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Evo 1.5
• Same architecture but extending thepretraining dataset of Evo 1 (8k) +50%• Still on prokaryote/phage• from 315 billion tokens (75,000iterations) to 470 billion tokens(112,000 iterations)• Only an 8Kb version


