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Generative design of bacteriophages with 
genome language models



Sequence design insights have gotten us far in synthetic biology

Slide from Aditi Merchant



Biological design has mostly been limited to components and circuits



Genome design is an extraordinarily complex task



Evolutionary innovations are captured in large sequence databases
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Language models learn principles of biological design without supervision

Nguyen et al. (Science, 2024); Brixi et al. (Nature, 2026)



Example applications of phage designs:

Ø Studying molecular biology

Ø Genome engineering

Ø Microbiome modulation

Ø Phage therapy

Bacteriophages are excellent models for genome design



Setting up a targeted phage genome design strategy



Design template: ΦX174, a Microviridae phage that infects E. coli C
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Design template: ΦX174, a Microviridae phage that infects E. coli C

• 5,386 nucleotides

• At least 11 genes & 7 
regulatory elements

• 8 out of 11 genes overlap

• 10 out of 11 genes are 
essential

• Any single nonsynonymous 
mutation is ~20% lethal



Generation strategy: Prompting Evo to generate ΦX174-like phages



Design constraints: Criteria inspired from natural Microviridae genomes



Filtering and evaluation: Running the full pipeline



Filtering and evaluation: : Final ~300 phage genome design candidates



Experimental validation: Testing generated phage genomes in E. coli host cells



Experimental validation: Testing generated phage genomes in E. coli host cells



Generated phages successfully infect and lyse E. coli host cells



Generated phages retain target host tropism



Generated phages harbor hundreds of novel mutations

Generated phages contain novel: 
• Substitutions
• Insertions
• Deletions
• Recombinations
• Gene transfers



Generated phages tolerate high mutational burdens

Generated phages contain novel: 
• Substitutions
• Insertions
• Deletions
• Recombinations
• Gene transfers

*Null based on 20% lethality rate 
(Domingo-Calap et al., 2009)



Could generated phage diversity help overcome bacterial resistance?

>20% of 
crops
are lost 
globally

>1
million 

die
from

antibiotic 
resistance 
infections

Due to bacterial pathogenic diseases, each year:

Babadoost (2021); Formidler (2025); Gai & Wang (2024); Murray et al. (2022)



Could generated phage diversity help overcome bacterial resistance?

>20% of 
crops
are lost 
globally

>1
million 

die
from

antibiotic 
resistance 
infections

Due to bacterial pathogenic diseases, each year:

● Antimicrobial resistance is predicted to 
cause up to 40 million deaths by 2050

● Phage therapies are a promising 
solution

● Phage therapies must contain diverse 
phages to mitigate bacterial resistance, 
but sourcing diverse phages can be 
slow or unsuccessful

Babadoost (2021); Formidler (2025); Gai & Wang (2024); Murray et al. (2022)



Challenging ΦX174-resistant E. coli C with phage cocktails



Challenging ΦX174-resistant E. coli C with phage cocktails



Generated phages overcome ΦX174 resistance but natural phages do not 



AI-designed phage therapy has already treated a patient 



AI-designed phages are also cited for concerns around AI development



Could we help trace AI-generated genomes through “watermarking”?

Watermarked 
proteins

Watermarked 
text
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